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ABSTRACT
SELF-ASSEMBLY OF NANOPARTICLES AT LIQUID-LIQUID INTERFACES
SEPTEMBER 2010
KAN DU

B.S., UNIVERSITY OF SCIENCE & TECHNOLOGY OF CHINA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by:
Professor Anthony D. Dinsmore and Professor Thomas P. Russell

In this thesis, we studied the self-assembly of nanoparticles at liquid metal-water
interfaces and oil-water interfaces. We demonstrated a simple approach to form
nanostructured electronic devices by self-assembly of nanoparticles at liquid metal
surfaces. In this approach, two liquid-metal droplets, which were coated with a
monolayer of ligand-stabilized nanoparticles, were brought into contact. They did not
coalesce but instead remained separated by the nanoparticles assembled at the interface.
Devices formed by this method showed electron transport between droplets that was
characteristic of the Coulomb blockade, where current was suppressed below a tunable
threshold voltage because of the energy of charging individual nanoparticles. Further
studies of this approach demonstrated the potential of interfacial assembly in fabricating
microscopic electronic devices over a large area in a cost-effective and time-efficient
fashion. Micrometer-scale Ga droplets coated with nanoparticles were fabricated using
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ultrasonication and then deposited on patterned substrates to form microscopic devices.
I-V measurements showed Coulomb blockade effect in the devices containing more than
one nanoparticle junction. The measured threshold voltages increased with number of
junctions as expected for devices arranged in series.
We also studied experimentally the energy of adsorption, E, of nanoparticles
and microparticles at the oil-water and Ga-water interfaces by monitoring the decrease
of interfacial tension as the particles bind. For citrate-stabilized gold nanoparticles
assembling on a droplet of octafluoropentyl acrylate, we found E = 5.1 kBT for
particle radius R = 2.5 nm, and E  R2 for larger sizes. Gold nanoparticles with (1mercaptoundec-11-yl) tetra(ethylene glycol) ligand had a much larger binding energy
(E = 60.4 kBT) and an energy barrier against adsorption. For polystyrene spheres with
R = 1.05 μm, we found E = 0.9  106 kBT. We also found that the binding energy
depended on the composition of the oil phase and could be tuned by the salt
concentration of the nanoparticle suspension. At Ga-water interfaces, we found that E
of Au-cit and Au-TEG nanoparticles were much larger.
We have also studied desorption of polystyrene microparticles from oil-water
interfaces by changing experimental conditions, including addition of nanoparticles,
cross-linking ligand molecules or in response to chemical interactions between the
particles and the oil. We found that microparticles can desorb even though the
adsorption energy is large. We also found that the desorbed particle formed a surprising
„tail‟-like structure.
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CHAPTER 1
INTRODUCTION

1.1 Self-Assembly of Nano- and Microparticles at Liquid-Liquid Interfaces.
Interfaces between two immiscible liquids are very common in natural and
industrial process. One example is emulsion which has one fluid dispersed in the other
continuous liquid. Stable emulsions can be obtained by adding emulsifiers (e.g.
surfactants) in to the liquids and then providing energy through stirring, shaking
processes to break up the mixture into micro-droplets immersed in a continuous liquid.
Emulsions have important practical interest because of their applications in food,
cosmetics and pharmaceutical industries. The most well known examples of emulsions
includes milk, mayonnaise and lotion etc.

(c) 1

R

Water
Oil

Z

2

0

Figure 1.1 Schematic illustration shows an adsorbed spherical particle with radius R
at oil/water interface. 0 1, and 2 are the interfacial tensions of oil/water,
particle/water and particle/oil interfaces. The parameter Z is the vertical distance
between the particle‟s center of mass and the plane of the interface.
Self-assembly of colloidal particles at liquid-liquid interfaces has been wellestablished. In 1907, Pickering firstly described a phenomenon in which an emulsion was
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stabilized by solid particles (e.g. colloidal silica) which adsorb at the interfaces between
two liquids. This type of emulsion was named as ‘Pickering’ emulsion. ‘Pickering’
emulsions have widespread occurrences in many industrial processes. For instance, food
emulsions

are

commonly

stabilized

by

proteins

or

other

large

biological

macromolecules.[1] In crude oil refining industries, the oil-brine emulsions are stabilized
by clays, asphaltenes and other dispersed particles.
Later, a simple model of adsorption energy, E, of a single particle at the interface
was introduced by Koretskii, et al and Pieranski.[2, 3] In this model, adsorption energy is
obtained by calculating the change in total interfacial energy when a particle moves from
one fluid to the lowest-energy position at the interface. Figure 1.1 is a schematic
illustration showing a spherical particle at an oil-water interface. R is the particle radius. Z
is the vertical distance from the center of the particle to the interface. 0 is the interfacial
tension of the oil-water interface, and 1 and 2 are the interfacial tensions of the particlewater and particle-oil interfaces, respectively. There are three contributions to the
interfacial energy of the particle:

(1) energy of the particle-water interface: E1 = 1

πR2(1  Z/R) , (2) energy of the particle-oil interface: E2 = 2 πR2(1  Z/R) , (3)
negative energy of missing oil-water interface: E0 = 0 πR2(1  (Z/R)2) . The total
interfacial energy E = πR20 [(Z/R)2 ab(Z/R) a+b]. Here, a = 1/0, b = 2/0.
When Z/R = ba = (2 1)/0, the total interfacial energy has a minimum Emin = πR20
[a+babFor a particle not adsorbed at the interface (in water Z/R>1, in oil
Z/R<1), total interfacial energy E‟ = πR20 bor πR20 a, respectively. When a
particle binds to the interface from water, the binding energy
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E = E‟Emin = πR20 [1 (2 1) /0]2. For plausible choices of 1 and 2, the model
predicts E  106 kBT for R = 1 μm, where kBT is the product of Boltzmann’s constant
and the absolute temperature, T = 298 K.[2] The values of 1 and 2 can be experimentally
measured at a flat surface with same chemical properties as the particles.[4] We note that
this model does not separately account for intermolecular forces. Instead it includes all
effects in the interfacial tension. Interfacial tension, defined as the free energy change in
expanding the interfacial area by unit area, is physically induced by the intermolecular
forces (e.g. van der Waals force, electrostatic interaction etc) among the molecules.[5] In
the bulk, each molecule is pulled equally in every direction by neighboring molecules,
resulting in a net force of zero. The molecules at the interface have unsaturated ‘bonds’
which results in a positive surface energy.
Recently, much effort has been done to exploit the applications of the particleassembly. For example, emulsion-based method was applied to assemble colloidal
particles into microstructures or multi-component clusters (‘supraparticles’).[6, 7] In this
method, particles were gathered, assembled and fixed together in the restricted, colloidal
size 2D or 3D space provided by emulsion droplets. Similarly, by fusing latex particles at
the interfaces of emulsion droplets, a new form of particle called ‘colloidosomes’ was
developed for encapsulation.[8] The ‘colloidosomes’ were hollow, elastic shells whose
permeability and elasticity could be precisely controlled (Figure 1.2). The generality and
robustness of these structures and the potential for cellular immunoisolation were
demonstrated by the use of a variety of solvents, particles and contents. To endow the
capsules with special properties, temperature-sensitive microgel particles was use to
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fabricate ‘colloidosomes’ which expanded and contracted upon heating and cooling.
These ‘colloidosomes’ might be useful for controlled release or as microscopic actuators.

Figure 1.2 (A) Scanning electron microscope image of a dried, 10-µm-diameter
colloidosome composed of 0.9-µm-diameter polystyrene spheres, sintered at 105°C
for 5 min. The colloidosome was formed with an oil droplet, containing 50 vol%
vegetable oil and 50 vol% toluene. The water phase contained 50 vol% glycerol to
increase its boiling temperature to allow the sintering. (B and C) Close-ups of (A)
and (B), respectively. The arrow points to one of the 0.15-µm holes that define the
permeability. To view these colloidosomes with the electron microscope, we washed
them with ethanol and dried them in vacuum. Image from Dinsmore and
coworkers.[8]

Self-assembly of nanoparticles has attracted much attentions because of its
applications in fabricating nanoscopic materials with unique electronic, optical and
magnetic properties.[9-13] Liquid interfaces are ideal templates for assembling
nanoparticles into 2-dimential structures by the nature of the interfaces. At the interfaces,
the nanoparticles are mobile and defects of the structures can be spontaneously
eliminated. The liquid interfaces also offer a potential for chemical manipulation of
nanoparticles.
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Figure 1.3 Confocal microscope image of a nanoparticle sheet prepared by crosslinking the associated organic ligands. The scale bar is 50 m. Image from Lin and
coworkers.[14]

Assembly of nanoparticles at liquid-liquid interfaces offers novel, inexpensive
routes to structures with high spatial resolution and unusual properties. There have been
many studies focusing on this topic over the past several years. The first study
investigated the assembly of cadmium selenide (CdSe) nanoparticles at oil-water
interfaces.[15] Lin and coworkers achieved size-dependent interfacial entrapment of
CdSe nanoparticles and provided an easy access to chemical modification of
nanoparticles by reaction of attached ligands with reagents in both liquids The structure
of adsorbed nanoparticles at the interfaces was studied in-situ by grazing-incident small
angle x-ray scattering (GISAXS) and ex-situ by scanning force microscopy (SFM) and
transmission electron microscopy (TEM).[16] The results showed that nanoparticles
formed a densely packed monolayer with liquid-like ordering at the interfaces. The
adsorbed nanoparticles were crosslinked to generate mechanically stable capsules and
membranes, which remained the integrity even when removed from the interfaces (Figure
1.3).[14] This work provided a simple and flexible route for the fabrication of ultrathin,
composite organic-inorganic membranes. The interfacial diffusion of nanoparticles was
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also studied by using fluorescence loss induced by photobleaching (FLIP) and
fluorescence recovery after photobleaching (FRAP).[16] The results showed a clear
reduction of diffusion coefficient due to the confinement of the nanoparticle to the
interfaces. Duan and coworkers‟ study on Au, Ag and Fe2O3 nanoparticles showed that
the attached ligands played a crucial role in self-assembly process and demonstrated the
possibility to form nano-alloy films at the liquid interfaces.[17] Another study of Duan
and coworkers fabricated magnetic nanoparticle colloidosomes with nanoscale selective
permeability based on interfacial assembly of Fe3O4 nanoparticles.[18, 19] These robust
and water-dispersible colloidosome allowed encapsulation of various water soluble
materials. Bigioni and coworkers achievied highly ordered gold nanoparticle monolayer
at water-air interfaces by controlling the evaporation of water.[20] Figure 1.4 shows a
micrograph of nanoparticle membrane transferred to a solid substrate. These ultrathin
membranes were demonstrated with remarkable stiffness, high flexibility and exceptional
robustness and resilience at high temperature.[21] These properties made the membranes
excellent candidates for sensor applications. Multilayer highly ordered nanoparticle films
were also assembled through a layer-by-layer deposition technique and offered a template
for investigating electronic transport properties of nanoparticles.[22, 23]
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Figure 1.4 Micrograph of a highly ordered monolayer of gold nanoparticles. The
upper left inset schematically shows the arrangement of two neighbouring
nanocrystals in the monolayer. The lower right inset is a fast Fourier transform of
the image. Image from Bigioni and coworkers.[20]
The Koretskii-Pieranski model has been widely accepted in calculating the
adsorption energy of nanoparticles at liquid-liquid interfaces. Comparing with
microparticles, nanoparticles have much smaller adsorption energy. Thermally excited
escape of the nanoparticles was found during the assembly process, indicating that E is
only on the order of kBT.[15, 16] This result was consistent with the prediction that E
scales with R2. More recent simulations of the behavior of nanoscale particles, however,
have suggested that the three-phase line tension might contribute as well, so that E may
scale with R for small sizes.[24] The experimental measurement of line tension is
difficult for nanoparticles since measuring contact angle of sub micron particles is still a
major challenge nowadays. Because of the prospects for controlled assembly and the
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debate over the binding mechanism, direct measurements of the binding energy are
needed.

1.2 Thesis Outline
In this thesis, we study the self-assembly of nanoparticles at liquid metal-water
interfaces and oil-water interfaces. We demonstrate the potential of the interfacialassembly in fabricating nanoscopic electronic materials, and also provide a better
understanding of adsorption and desorption mechanism of particles at the interfaces. In
chapter 2, we demonstrate a simple approach to form nanostructured electronic devices
by self-assembly of nanoparticles at liquid metal surfaces. In this approach, two liquidmetal droplets, which were coated with a monolayer of ligand-stabilized nanoparticles,
were brought into contact. They did not coalesce but instead remained separated by the
nanoparticles assembled at the interface. Devices formed by this method showed electron
transport between droplets that was characteristic of the Coulomb blockade, where
current was suppressed below a tunable threshold voltage because of the energy of
charging individual nanoparticles. Chapter 3 presents an approach to fabricating
microscopic electronic devices using self-assembly technology. In this method,
micrometer-scale electronic components, Ga droplets with self-assembled nanoparticles,
were fabricated using ultrasonication and then deposited on patterned substrates to form
microscopic devices. I-V measurements showed coulomb blockade effect in the devices
containing more than one nanoparticle junction. The measured threshold voltages were
corresponding to number of junctions. The research has shown a great potential of
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interfacial-assembly technology in fabricating microscopic electronic devices over a large
area in a cost-effective and time-efficient fashion.
In chapter 4, we report experimental measurements of the energy of adsorption, E,
of nanoparticles and microparticles at the oil-water and Ga-water interfaces by
monitoring the decrease of interfacial tension as the particles bind. For citrate-stabilized
gold nanoparticles (Au-cit) assembling on a droplet of octafluoropentyl acrylate (OFPA),
we found E = 5.1 kBT for particle radius R = 2.5 nm, and E  R2 for larger sizes.
Gold nanoparticles with (1-mercaptoundec-11-yl) tetra(ethylene glycol) ligand (Au-TEG)
had a much larger binding energy (E = 60.4 kBT) and an energy barrier against
adsorption. For polystyrene spheres with R = 1.05 μm, we found E = 0.9  106 kBT. We
also found that the binding energy depended on the composition of the oil phase and
could be tuned by the salt concentration of the nanoparticle suspension. At Ga-water
interfaces, we found that E of Au-cit and Au-TEG nanoparticles were much larger,
which could be explained by a large Ga-water interfacial tension. These results will be
useful for controlling the assembly of nanoparticles at liquid interfaces, and the method
reported here should be broadly useful for quantitative measurements of binding energy.
In chapter 5, we report desorption of polystyrene microparticles from oil-water
interfaces by changing experimental conditions, including addition of nanoparticles,
cross-linking ligand molecules or in response to chemical interactions between the
particles and the oil. We found that microparticles can desorb even though the adsorption
energy is large. We also found that the desorbed particle formed a surprising „tail‟-like
structure. Our research is useful to understand the particle desorption from liquid-liquid
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interfaces and provides a possible method to achieve free-floating crosslinked particle
membrane without using mutually miscible solvents.
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CHAPTER 2
SELF-ASSEMBLED ELECTRICAL CONTACT TO NANOPARTICLES USING
METALLIC DROPLET

The assembly of nanoparticles at liquid interfaces offers novel, inexpensive routes to
structures with high spatial resolution and unusual properties. In this chapter, we
demonstrate a simple approach to form nanostructured electronic devices by selfassembly of nanoparticles at liquid metal surfaces. In this approach, two liquid-metal
droplets, which are coated with a monolayer of ligand-stabilized nanoparticles, are
brought into contact. They do not coalesce but instead remain separated by the
nanoparticles assembled at the interface. Devices formed by this method show electron
transport between droplets that is characteristic of the Coulomb blockade, where current
is suppressed below a tunable threshold voltage because of the energy of charging
individual nanoparticles. This approach also allows the generation of a large number of
devices in parallel, since nanoparticle-coated liquid metal droplets can be deposited in a
straightforward process on large substrates patterned by microcontact printing or other
large-area methods.
Section 2.1 presents a brief survey of other published experiments and an
introduction of Coulomb blockade effect. In section 2.2, we describe experimental
details, including: materials, sample preparation and current-voltage measurements.
Section 2.3 will present the experimental results. We observed Coulomb blockade effect
in current-voltage measurements of devices with nanoparticles. We studied the
dependence of threshold voltage on size of nanoparticles. We also investigate electron
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transport properties of devices with only ligands (without nanoparticles) in control
experiments. Finally, in section 2.4, I summarize our observations and discuss some areas
for future research.

2.1 Background
2.1.1 Formation of Nanostructured Devices
Electrical characterization of nanoscale objects has received considerable attention in
recent decades. Owing to quantum size effects in nanoscale objects and technological
implications of nanostructured devices, there has been an intensive research on
developing controlled techniques of fabrication and contacting these nanoscale objects.
As an example, nanoparticles have been placed between electrodes to form singleelectron transistors (SETs) for memory or logic applications.[1-7] This approach, though,
requires fabrication of macroscopic electrodes with a nanometer-size gap, well-controlled
size of nanoscale particles, positioning them between the electrodes and controlling the
tunnel barriers with high precision. A variety of solutions have been used to overcome the
technological challenges, such as break-junction,[8, 9] controlled etching,[10, 11]
electromigration,[12-16] dielectrophoretic trapping,[17] or lithography followed by
controlled deposition.[18-21] In summary, it is still a particularly challenging task to form
nanostructured devices using these conventional solutions.
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2.1.2 Coulomb Blockade Effect

-VSD/2

+VSD/2

Figure 2.1 Schematic illustration of a single electron transistor (SET).
In this section, we introduce the fundamentals of Coulomb blockade effect and
single electron tunneling.[22] Figure 2.1 is a schematic diagram of a single electron
transistor. Two electrodes (a “source” and a “drain”) are separated by an insulating gap
and a third electrode, which lies in the center of the gap. This third electrode is always
called an “island” since it is surrounded by insulating material. The insulating gaps are
thin enough to allow tunneling of electrons. A fourth electrode (gate) is capacitively
coupled to the island. When a voltage difference VSD is applied across the source and
drain electrodes, electrons will hop on and off the island by tunneling through the
insulating gaps between the source and island, and also between the island and drain. In
this process, electrons are traversing the insulating gaps one at a time. This varies the total
charge of the island by a unit charge e. This is a negligible amount when we consider
ordinary electronic devices which contain a large number of electrons. However, if the
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island is small enough (e.g. if it is a nanoparticle), the capacitance of the junction is small,
and the variation of the island potential due to the presence of an excess electron can be
large enough to reduce the tunneling probabilities. This effect makes the conductance of
electrons strongly suppressed at low voltages. This is the Coulomb blockade effect.
The Coulomb blockade effect was first observed in granular metallic
materials.[23-27] It was found that the hopping of electrons from grain to grain could be
inhibited at low voltages. At that time, the interpretation of these experiments was
complicated by the limited control over the structure of the sample. Today, with the help
of modern nanofabrication techniques, it is feasible to fabricate metallic islands of known
geometry separated by well-controlled tunnel barriers. [1-21, 28] In these controlled
nanoscale tunnel junction systems, a Coulomb gap arises that can be exploited to control
a current by means of a single electron on a gate.[29-31] Apart from granular films and
lithographically patterned systems, the Coulomb blockade effect is observed in other
cases. For example, small metal particles embedded in an oxide layer or disordered
quantum wires.[32, 33] Also, one of the tunneling barriers can be formed by a scanning
tunneling microscope (STM).[34] Coulomb blockade effect can take place not only in
normal metal and semiconductor junction systems in which the individual charge carriers
are electrons and holes, but also in superconducting systems in which the charge carriers
are Cooper pairs.[35] Here, we restrict out attention to normal metals.
There are two basic requirements for the Coulomb blockade effect to occur in
nanoscale junction systems. The first is that the system must have metallic islands that are
connected to other metallic regions only via tunnel barriers with tunneling resistance RT
that exceeds the resistance quantum RK = h/e2 ≈ 25.8 kΩ, i.e., RT>>RK. The second
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requirement is that the island must be small enough and the temperature low enough, so
that the Coulomb charging energy Ec required to add an electron to an island far exceeds
the thermal energy, Ec>>kBT. These two requirements ensure that the transport of electron
from island to electrodes is governed by the Coulomb charging energy. With the use of
externally applied gate voltages, the charging energy of the various islands can be
sequentially lowered or increased to manipulate single charge carriers. To describe the
operation of the gate and to quantify the Coulomb blockade, we now turn to a simple
theoretical model.

-VSD/2

+VSD/2

Figure 2.2 Circuit diagram for a single electron transistor (SET) shown in Figure
2.1. [22]
The circuit diagram of single electron tunneling transistor (SET) is shown in
Figure 2.2. C1 and C2 are the capacitance of the junctions between the island and
electrodes. CG is the capacitances of the junction between the island and gate electrode.
R1 and R2 are the tunneling resistances of the junctions. By applying a voltage VSD across
the source and drain electrodes and applying a voltage VG across the island and gate
electrode, we can establish charge on each capacitor.
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Using Kirchhoff‟s law for two loops, we can calculate the charge on each of the
capacitors:

Q1 
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Here, C  C1  C2  CG is the total capacitance of the island; ne  Q1  Q2  QG is the net
charge on the island.
We now consider the effect of having a single electron tunnel from the left electrode
onto the island. In this process, it changes Q1 into Q1-e and the total charge on island
from ne to (n-1)e. The new value of charges Q1-e, Q2, and QG no longer satisfy
electrostatic equilibrium since the replacement of ne by (n-1)e does not result in a change
of Q1 by e. Equilibrium is reestablished by a transfer of charge through the voltage
sources leading to the following difference of the charges before and after the tunneling
process
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C

From these changes in the charges of all junctions, we can obtain the change of
electrostatic energy, E, associated with the tunneling of one electron through the left
junction onto the island:
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Here, we need to mention that the electron tunnel rate () across one junction is related to
the change in electrostatic energy: [22]
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It is clear that electron tunneling through the left junction will be inhibited when the
change of electrostatic energy is negative, i.e. the electrostatic energy becomes larger after
the tunneling of one electron. Similarly, we can get the conditions of suppression in other
tunneling processes (including backward tunneling through the left gap, forward and
backward tunneling through the right gap). Finally, we can find that the state with n
electrons on the island is stable with respect to tunneling across the first and second
junctions for voltages satisfying:
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Figure 2.3 The stability diagram of a SET transistor. The transistor conducts only
outside the rhombic-shaped regions. Inside these regions, there is a constant number
n of electrons on the island. [22]
Figure 2.3 shows the stable condition of this single electron tunneling transistor as a
plot of V versus VG. Here, we assume C1=2C2=10CG. As we can see, there are rhombicshaped regions along the VG axis within which the transistor island is charged with a
fixed number of excess electrons. Inside these rhombi all transitions are suppressed by a
Coulomb blockade and no current flows through the device. If a system leaves the
stability region of n = 0 with V  0 and a tunneling transition to n=1(or n=  1), the new
state is not stable with respect to tunneling across the other junction. Hence, shortly after
the first tunneling event an electron leaves (or comes to) the island through the other
junction and the system returns to n=0, where the cycle can start again. As a net effect, a
current flows through the device.
When VG=0, we see that the region where the electron tunneling is suppressed at
zero temperature, is: e / C  V  e / C . As Figure 2.4 shows, no current flows when
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the bias voltage V is less than the threshold voltage ( Vth  e / C ). By adjusting gate
voltage, the threshold voltage can be changed. This is the single electron transistor (SET)
based on Coulomb blockade.

Figure 2.4 Current-voltage curve for a Coulomb blockade effect device at zero
temperature and zero gate voltage.

Next, we introduce the electron tunneling through the single metal-insulator-metal
junction. We model a system with two infinite metallic plates separated by an electric
insulator of width d and energy height V. We only consider the case where incident
electrons have less energy than the barrier height. In this case, electrons can only pass the
insulator by direct tunneling. Additionally, we consider the low temperature to avoid
numerical integration (kBT << eV). Figure 2.5 shows the energy profile of this junction.
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Figure 2.5 Energy profile of a single metal-insulator-metal tunneling junction.
According to one dimensional Schrödinger equation:

2
 ( x)  ( E  V ) ( x)  0 ,
2m x 2
2

We can get the wave functions for an electron, which entering from left, in three regions:
(I) x<0; (II) 0<x<d; and (III) x>d.
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Here, p  2mE ; k  2m(V  E ) / .
At the boundaries of these regions, wave functions and their first derivatives must
be continuous. By using these boundary conditions and additional limit kd>>1, we can get
the transmission probability for an electron is given by
T  16
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V V
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Figure 2.6 Energy profile of a trapezoidal distortion of the barrier caused by a bias
voltage
This formalism has limited use since tunnel barriers are not of constant magnitude
because the bias voltage creates a slow gradient in potential (Figure 2.6). Additionally,
the electrons in the electrodes will create image charges which will reduce the barrier
height and round the barrier edges.[36, 37] The trapezoidal distortion of the barrier can be
handled by using WKB (Wentzel, Kramers, Brillouin) approximation,[38] which divides
the barrier in to n rectangular slices of width x . Finally, we can get the tunneling
current in the intermediate voltage range ( V  0 / e ):
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To make this expression clear, we can expand this expression using a power
series. Finally we get a simple approximation of tunneling current through a single tunnel
junction. As this expression shows, tunneling current is a linear plus cubic function of
bias voltage.
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We therefore expect that two metallic surfaces separated by a thin insulating layer will
have a tunneling current is a linear plus cubic function of voltage.

2.2 Experimental
2.2.1 Materials
In this project, we use gallium (Ga) as liquid electrodes. Ga is a liquid metal with a
low melting point at 29.8 oC. It can remain liquid at room temperature owing to its strong
tendency to supercool below its melting point.[39] Ga has a low electrical resistivity of
210 nΩ·m at 20 oC (Wikipedia.com). With Ga, we obtained very smooth clean liquid
interfaces with well defined shape. These properties make Ga a good candidate for liquid
electrodes.
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Figure 2.7 A SEM image shows surface of a Ga droplet (mm in diameter). The
droplet was immersed in water for a few minutes and then dried on a substrate. The
wrinkles indicated a solid Ga oxide layer on surface. The scale bar is 10 m.
On the other hand, the disadvantage of using Ga is oxidation in the presence of
oxygen.[40] Earlier work investigated the possibility of emulsifying Ga in organic,
nonpolar solvents but found evidence of oxidation.[41] Figure 2.7 is a SEM image
showing surface of a Ga droplet. The droplet was formed in water by ultrasonication and
dried on a substrate. The wrinkles indicated a solid Ga oxide layer on surface. To prevent
the oxidation, we used water as the solvent and control the pH value at 1.0 (by adding
hydrochloric acid, HCl). Figure 2.8 shows an experiment with five plastic tubes, which
contain a droplet of liquid Ga (10 µl) and HCl (1 ml) with different pH value. From left to
right, pH value increases from 1 to 5. After 24 hours, in low pH solution, the surface of
Ga droplet remained shiny, which indicated the absence of oxidation. However, in higher
pH solutions, the surface of Ga droplet was oxidized and turned black. This experiment
proved that Ga oxidation can be prevented at low pH solution.
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Figure 2.8 Five plastic tubes contain a droplet of liquid Ga (10µl) and HCl (1 ml)
with different pH value (from left to right, pH value increases from 1 to 5). After 24
hours, Ga remains shiny in low pH solution. However, it is already oxidized and
turns black in higher pH solution.
Gold nanoparticles with (1-mercaptoundec-11-yl)tetra(ethylene glycol) ligands (AuTEG) were suspended in water.[42] These particles were synthesized by E. Glogowski in
Professor Todd Emrick‟s group (Polymer Science and Engineering Department). The
average core diameter of the nanoparticles was controlled at 2 or 5 ±0.5 nm. The length
of ligands was around 1.5 nm, which was measured using atomic force microscopy
(AFM).[42] The ligands protected the nanoparticles from aggregation. The ligands also
worked as an insulating layer in current-voltage measurements, owing to its low electrical
conductivity. The stability of these nanoparticles in low pH condition has been
demonstrated in our experiments: no sedimentation was found in hydrochloric acid
(pH=1) for 24 hours.

2.2.2 Adsorption of Nanoparticles at Ga-Water Interfaces
We found that Au-TEG nanoparticles can spontaneously adsorb at Ga-water
interfaces and stabilize Ga droplets. Figure 2.9(a) shows a glass vial containing two Ga
droplets (~2 mm in diameter) in aqueous suspension of Au-TEG nanoparticles (C = 0.1
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mg/ml). The pH value was controlled at 1.0 by adding HCl. The temperature was around
33oC (above Ga‟s melting point). These two Ga droplets did not coalesce. These droplets
remained stable for a few days. In a control experiment, two Ga droplets were added into
water without Au-TEG nanoparticles (pH=1). They coalesced into one droplet as soon as
they came into direct contact (Figure 2.9(b)). These experiments indicated the adsorption
of Au-TEG nanoparticles at Ga-water interfaces. As described below, there is evidence
that the nanoparticles form a monolayer or sub-monolayer at the interface.
We also found that the (1-mercaptoundec-11-yl)tetra(ethylene glycol) (TEG) can
adsorb at Ga-water interface and stabilize Ga droplets in HCl by itself in solution
(without nanoparticles). Figure 2.9(c) shows a sample prepared using the same procedure
as above. The Ga droplets did not coalesce because they were protected by adsorbed TEG
ligands.

(a)

(b)

(c)

Figure 2.9 (a) Two Ga droplets (~2 mm in diameter) remained stable in aqueous
suspension of Au nanoparticles with hydrochloric acid (pH=1). (b) Two Ga droplets
coalesced into one droplet in HCl (pH=1) without nanoparticles. (c) Two liquid Ga
drops do not coalesce in HCl (pH=1) with the TEG ligands (no nanoparticles).
We proved the adsorption of Au-TEG nanoparticles on the Ga surface by using
scanning electron microscopy (SEM). First, we formed micron-sized Ga droplets, which
were coated with Au-TEG nanoparticles, by using a bath ultrasonicator (See chapter 3).
Then, we placed a droplet of the Ga-water emulsion on a silicon wafer, removed extra
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nanoparticles by rinsing with water using a micropipette, dried the sample at 33 oC, then
observed the surfaces of Ga droplets under SEM. High-magnification SEM images
(Figure 2.10 (a) and (b)) show the 5-nm-diameter Au-TEG nanoparticles, which are
visible as white features uniformly distributed on the Ga surface. The image resolution
does not allow us to distinguish individual nanoparticles from dimers, but from images
like this we measure and average of 18 nanoparticles per 104 nm2, an area fraction of
approximately 13%. The concentration is much lower than a close-packed concentration.
One possible reason is that the adsorption energy is not high enough to strongly hold AuTEG nanoparticles at the interface, and particles are randomly lost from the surface
during the sample preparation. Another reason could be that the suspension is depleted of
nanoparticles. As evidence of depletion, we find the red color of the suspension disappear
after the self-assembly.
We also confirmed the existence of Au-TEG nanoparticles on these Ga surfaces by
using X-ray photoelectron spectroscopy (XPS). The sample was prepared using the same
procedure as described above. In Figure 2.11, two peaks at binding energies of ~83 eV
and ~87 eV coincide with tabulated data for principal photoelectron lines of gold (4f7/2,
4f5/2). The data clearly indicate the existence of Au-TEG nanoparticles at Ga surfaces (1.4
atomic % Au).
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(a)

(b)

Figure 2.10 (a) Scanning electron microscopy (SEM) image of Ga surface coated
with gold nanoparticles (white dots). The inset shows an enlarged area on surface.
(b) SEM image of another sample prepared using same procedure.

27

Au

Figure 2.11 X-ray photoelectron spectroscopy (XPS) data of the sample. The two
peaks at binding energy around 83 eV and 87 eV coincide with tabulated data for
principal photoelectron lines of gold (4f7/2, 4f5/2).

In control experiments without Au-TEG nanoparticles, SEM image of the surface of
a clean Ga droplet (Figure 2.12) shows no white features resembling Figure 2.10, and
only image noise is visible. Two peaks in Figure 2.11 also disappeared in the XPS data of
this sample, which indicated the absence of Au.

Figure 2.12 SEM images of dried pure Ga droplets without gold nanoparticles. The
features in visible in Figure 2.10 are absent and only image noise is visible here.
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Adsorption of the nanoparticles is driven (at least in part) by van der Waals attraction
between the nanoparticles and the metal surfaces (Figure 2.13). Considering the Ga
surface as an infinite plane, the potential of individual particles can be expressed by the
equation as follows:[43, 44]
E  

1 r
A  10k BT
6 h

h

r
Ga

Figure 2.13 A schematic diagram shows a gold nanoparticle on the Ga surface.
Here A = 40×10-20 J is the Hamaker constant, which depends on materials and
geometry; r = 2.5 nm is the radius of the particle; h = 1.5 nm is the distance from the
particle to the Ga surface (length of the ligands). From this equation, we estimate the van
der Waals potential as 10 kBT, where kB is Boltzmann‟s constant.
If the nanoparticles partially insert into the droplet phase (Figure 2.14) as at oil-water
interfaces,[45-48] then the adsorption energy is a function of interfacial tension between
Ga and water  Ga / W , particle and Ga  P / Ga , and particle and water  P /W :
2
 r2
 Ga / W    P / W   P / Ga   .
E  
 Ga / W
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In this case, the adsorption energy might be larger. However, because of the limitation of
SEM, we are not able to see whether the nanoparticles partially insert into Ga phase. We
will discuss the adsorption energy of nanoparticles at liquid-liquid interface in chapter 4.
We note that the values of  depend in part on van der Waals forces, so that these
two expressions for E are not entirely independent.

Figure 2.14 Schematic illustration of a nanoparticle adsorbed at Ga-water interface.
The nanoparticle partially insert into the Ga phase.
2.2.3 Sample Preparation
With the Ga droplets coated with Au-TEG nanoparticles, we can form nanostructured
electronic devices using a straightforward method. A typical procedure for forming Gabased devices is as following (Figure 2.15). A glass syringe (500 µL) with a steel needle
(0.91 mm) was filled with liquid Ga at T = 33 oC. A droplet of Ga (~10 µL) was ejected
in air from the syringe onto a silicon wafer coated with a 30-nm-thick Au film. The
substrate was maintained at T = 33 oC using a Peltier stage mounted underneath. A
droplet of aqueous suspension of Au-TEG nanoparticles (2 or 5-nm diameter; ~2 mg/ml,
pH 1 using HCl) was placed on the substrate surrounding the Ga droplet. We then formed
a new Ga droplet and held it inside the suspension slightly above the first droplet. After
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10 min, the second Ga droplet was placed on top of the first and pushed down slowly
with the needle until it squeezed the first one without coalescing. The excess solution was
removed with a pipette and the sample was dried at 33 oC for 2 h. In some devices, we
cooled the gold substrate to ~10 oC (the bottom Ga droplet then solidified but not the
upper one), and then warmed to ~24 oC and allowed to dry for 1 h. During the drying, a
constant voltage (referred to as the source-drain voltage, VSD) of 0.01 V was applied
across the needle and substrate. The current (I) decreased from ~1 µA to <1 nA in 10
min, which indicates the evaporation of water from between the two Ga droplets. A
picoammeter (Keithley 6487), connected in series with the device, was used to apply the
voltage and measure I.

T=33 oC

(a)

(b)

(c)
A

Ga
NPs

Figure 2.15 Schematic illustration shows a typical procedure to form Ga-based
devices.

Figure 2.16 is a picture of one of the Ga-based devices used in current-voltage
measurements. The diameter of droplets is around 2 mm. The droplets are coated with 5nm-diameter Au-TEG nanoparticles, which can not be seen in this picture. A schematic
diagram of the device (Figure 2.17) shows the structure: a monolayer of Au-TEG
nanoparticles is sandwiched by two Ga droplets, which serve as electrodes for current-
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voltage measurements. The distance between two Ga electrodes is only a few nanometers,
which depends on the size of nanoparticles and the length of ligands. We emphasize here
that the distance is self-controlled by nanoparticles, i.e. the distance does not depends on
the force applied to push these two Ga droplets together. This feature enables us to easily
form nanostructured electronic devices with nanoparticles.

Figure 2.16 Image of a sample that was used for electron-transport measurement:
two nanoparticle-coated Ga droplets, one on the substrate and the other held by a
needle, are squeezed together. A layer of nanoparticles separates the two liquid Ga
droplets, preventing them from coalescing. The nanoparticles also restrict the flow
of electrons across the junction when a voltage is applied. The steel needle at the top
of the image is 0.9 mm in diameter.

Figure 2.17 Schematic diagram of the Ga-based device in Figure 2.16 shows the
structure: a monolayer of Au-TEG nanoparticles is sandwiched by two Ga droplets,
which serve as electrodes for current-voltage measurements.
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2.2.4 Current-Voltage Measurement
A picoammeter (Keithley 6487) is connected in series with the device (shown in Figure
2.16) and used to run current-voltage measurements. In the measurements, a source-drain
voltage, VSD, is applied across two Ga droplets. The electronic current therefore passed
through the Ga and the stabilizing nanoparticle layer. We note that the choice of which
Ga droplet is defined as the source is arbitrary, since the device should be symmetric.
In one of our samples, we applied a constant VSD = 0.01 V, then the current decayed
approximately exponentially (I = I0 + A·
exp(t/)) with a decay time  2.2 s to a
constant value (Figure 2.18). We attribute the transient current to ions in a remaining thin
layer of water and the steady state current to electrons. So, after a 10-s delay we measure
the steady-state current of electrons.

Current (A)

3.0n

I=I0+A1*Exp(-t/t1)
t1=2.2 ± 0.1 s
2.0n

1.0n

0.0
0

2

4

6

8

10

Time (s)

Figure 2.18 Current measurement with constant VSD=0.01 V showing an
approximately exponential decay with a time constant of 2.2 s. this transient current
is attributed to ions.
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By using a Labview program, we scanned VSD from 0 to 0.5 V in steps of 0.01 V, then
from 0 to -0.5 V. For each measurement, I was measured 10 s after setting VSD to allow
decay of the transient ionic current in the hydrated gap.
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2.3 Result and Discussion
2.3.1 Coulomb Blockade Effect
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Figure 2.19 (a) I-V curve for a sample with 2 nm gold nanoparticles. Voltage
increased from 0 to +0.5 V, then jumped back to 0 V, deceased to -0.5 V. Threshold
voltage was found around +/-0.3 V. (b) I-V curve for a sample with 5 nm gold
nanoparticles. Threshold voltage was found around +/-0.1 V. (c) I-V curve of a
sample with just the Ga droplets and the TEG-OH ligand (no nanoparticles). The
current follows the linear plus cubic form that is expected for tunneling; no
threshold voltage is found. The inset shows a comparison of 5-nm gold
nanoparticles and just ligand, showing that the former has a small but non-zero
threshold. The data are consistent with the Coulomb blockade. (d) Eight repeated IV scans of a sample with 2 nm nanoparticles.
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Figure 2.19 shows the I-VSD characteristics of Ga devices like that of Figure 2.16.
Looking first at the data for the 2-nm-diameter Au particles, we find a strongly
suppressed current for |VSD| < 0.3 V and a sharply increasing current at larger VSD (Figure
2.19(a)). The data with the 5-nm-diameter Au particles follow a similar trend but with a
smaller threshold voltage of ~ 0.1 V (Figure 2.19(b)). Finally, in a control experiment, the
data with Ga droplets with only added TEG ligand (no nanoparticles) shows no threshold
behavior; this curve follows the linear + cubic form expected for tunneling of electrons
across the layer of ligand molecules. Figure 2.19(c) shows one of I-V scan data and a
fitting to form I = P0+P1×V+P2×V3. Parameters P0=(2.5±0.7)×10-11,
P1=(4.2±0.1)×10-9 and P2=(9.0±1.8)×10-9 were obtained directly from the fitting. For
each device the scans were repeated multiple times with consistent VSD dependence.
Figure 2.19 (d) shows eight repeated I-V scans of a sample with 2-nm-diameter
nanoparticles. Similar threshold behavior was observed in two devices with 2-nm
particles and in five devices with 5-nm particles. Six other devices with 5-nm particles
exhibited this threshold behavior on the first scan, followed by hysteretic behavior. Figure
2.20 shows two I-V measurements of one of devices with 5-nm-diameter Au-TEG
nanoparticles. Voltage increased from 0 to +0.4 V, then jumped back to 0 V, deceased to
0.4 V. I-V curves were asymmetric: threshold behavior (Vth = 0.1 V) only appeared
when VSD was positive. Figure 2.21 shows another device with 5-nm-diameter Au-TEG
nanoparticles. Voltage increased from 0 to +0.3 V, then jumped back to 0 V, increased to
0.3 V again. The first scan of I-V measurements showed the Coulomb blockade effect
(Vth = 0.1 V). Hysteretic behavior appeared in the second scan. Table 2.1 is a summary of
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current-voltage measurements data of Ga-based devices, containing 5 or 2-nm-diameter
Au-TEG nanoparticles.
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Figure 2.20 I-V measurements of one of devices with 5-nm-diameter Au-TEG
nanoparticles. I-V curves are asymmetric: threshold behavior only appears when
VSD is positive.
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Figure 2.21 Hysteretic behavior in current-voltage measurements of a sample with
5-nm-diameter nanoparticles. First scan of I-V measurement of one sample shows
the Coulomb blockade effect. Hysteretic behavior appears in second scan.
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Table 2.1 A summary of current-voltage measurements data of Ga-based devices,
containing 5 or 2-nm-diameter Au-TEG nanoparticles.
5-nm-diameter Au-TEG nanoparticles
Sample date

# of IV scans Description of data

070612

2

Vth=0.10v, asymmetric IV curves

070824

4

+/-0.10v, symmetric

071105-1

1

+/-0.10v, symmetric,

071105-2

1

+0.10v , asymmetric,

071105-3

2

+0.10v , 0v~+0.3v, then repeat;

071106-1

1

-0.10v , 0v~ -0.3v, then repeat;

071106-2

1

-0.10v , 0v~ -0.3v, then repeat;

071202

1

+/-0.09v, symmetric

071203

4

+/-0.10v, symmetric

071209

1

+/-0.10v, symmetric

2-nm-diameter Au-TEG nanoparticles
Sample date

# of IV scans Description of data

070613

3

Vth= 0.31, 0.34, 0.24V. symmetric

070506

8

Vth~0.3v, symmetric

The threshold observed in the presence of nanoparticles is quantitatively explained by
the Coulomb blockade model, in which current is suppressed at low voltages because of
the relatively large energy required to add an electron‟s charge, e, to the nanoparticle.[4,
49] Here, we treat the nanoparticles as independent objects in parallel. The model
assumes tunneling contact with the nanoparticle through a layer of ligands, which is
confirmed by the ligand-only data. A nanoparticle and its ligands form a capacitor (with
capacitance C) and the model described in section 2.1.2 predicts that, for T = 0, current
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flows only when the applied voltage exceeds a threshold voltage, Vth = e/C. For a 2-nmdiameter nanoparticle with 1.5-nm ligands between two parallel metal plates,[4] with the
dielectric constant of ligand equals to 2, we predicted Vth = e/C = 0.29 V. A 5-nmdiameter nanoparticle has larger C and hence a smaller predicted threshold voltage of
0.10 V, in agreement with the data. At T = 33 oC (309K; kBT  26 meV), thermal
fluctuations lead to finite current at low VSD and a rounding of the threshold in the I-VSD
curve, in qualitative agreement with earlier measurements.[34, 50] A distribution of offset
charges on the nanoparticles could also round the threshold but our calculations show that
a random distribution of charges still leads to a threshold.
We emphasize that our I-VSD curves are very similar to those of previous experiments
with individual ligand-stabilized Au nanoparticles placed on lithographically-defined
solid electrodes.[15, 51, 52] The devices of Figure 2.16, however, contain many
nanoparticles in parallel and the current is much larger. Using the density of nanoparticles
estimated from the electron micrographs (such as that of Figure 2.10), we estimate that
there are on the order of 108 or more nanoparticles in the junction region. We note that
the current through the device with 2-nm Au particles is  100× greater than in the 5-nm
or ligand-only device, which might arise from a greater number of nanoparticles. In other
devices with 2-nm-diameter Au-TEG, however, the current values ranged substantially
and in many cases were comparable to the 5-nm and ligand-only data.

2.3.2 Woods Metal and Al Spheres
To show that the interfacial-assembly method can work with a variety of materials,
devices composed of Woods metal (WM) and Aluminum (Al) particles have been studied
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by Christopher R. Knutson.[41, 53] I provide a summary of this work to give the reader
perspective on the new results of this thesis.
Woods metal is a metal alloy with a melting point ranging from 73-77 oC (depending
on composition). 120-μm-diameter WM spheres were suspended in toluene with
undecanethiol- stabilized gold nanoparticles (mean diameter 1.7 nm).[54] After the
assembly of the nanoparticles on the surface, the WM spheres were deposited from
suspension onto a substrate with conducting leads. In WM-based devices, the
characteristics of Coulomb blockade effect has been observed at both room temperature
and low temperature (T=77 K). The threshold behavior was more pronounced at low
temperature because of the reduced contribution from thermally excited transport over the
electrostatic-energy barrier.
In Al-based devices, control of the conductance by a gate electrode was
demonstrated as further evidence of the Coulomb blockade. Solid Al particles were
suspended in toluene with undecanethiol-stabilized Au nanoparticles, then rinsed and
deposited onto a patterned substrate. In current-voltage measurements, a drop in
conductance was observed by applying a gate voltage (Vg). We concluded that the drop
arose from an effective charge induced on the nanoparticles by the gate voltage (Vg × the
gate capacitance). The gate effect of this transistor provided further evidence of the
Coulomb blockade and tunneling contact with the layer of nanoparticles in the gap.
Comparing with the devices made of WM and Al, Ga-based devices have two
obvious advantages. First, the surfaces of Ga droplets are smooth because Ga remains
liquid during I-V measurements. Hence, the geometry of the nanoparticle junctions are
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know. Second, there is independent evidence (SEM images) showing that nanoparticles
are in the gap of Ga droplets.

2.4 Conclusions
In summary, we proposed a straightforward approach to form electrical contact to
nanoparticles using metallic droplets or particles in suspension. The I-V data can be well
explained by the Coulomb blockade model. For 2-nm-diameter nanoparticles, we
measured the threshold voltage |VSD| = 0.3 V. For 5-nm-diameter nanoparticles, |VSD| =
0.1 V. The dependence of Vth on size of nanoparticles is consistent with Coulomb
blockade theory. For comparison, we also measured electron transport property of a
device with only ligand (no nanoparticles) in control experiments. No Coulomb blockade
effect was observed in current-voltage measurements. Moreover, because the junction
spacing is formed spontaneously, a broken junction might be spontaneously repaired.
There are still some unexplained phenomena. One example is the hysteresis. We
speculate that hysteresis might arise from aggregation of the nanoparticles prior to
assembly. The aggregation might shift under the electric field in first scan. This could
change the I-V curve in the second measurement. We propose to investigate this in the
future. We also have a problem in the stability of devices: in some samples, Ga droplets
coalesced after one or two I-V scans.
Having established the ability to fabricate high-quality electronic junctions, we
believe that there is a great potential to use this approach to make microscopic electronic
devices over large area in a cost-effective and time-efficient fashion. For example,
trillions of micron-sized Ga droplets coated with adsorbed nanoparticles are fabricated
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using a few minutes ultrasonication. Then these components can be deposited on
patterned substrates and form microscopic devices over a large area. Chapter 3 will
investigate this potential further.

42

CHAPTER 3
MICROSCOPIC ELECTRONIC DEVICES

In chapter 2, we demonstrated a straightforward approach to forming self-assembled
electrical contacts to nanoparticles using the interfacial-assembly method. In this chapter,
we use this method to form microscopic electronic devices on a patterned substrate. Our
research shows the potential of interfacial-assembly in fabricating microscopic electronic
devices over large areas in a cost-effective and time-efficient fashion.
In section 3.1, I will provide a background of applications of self-assembly
technology to fabricating macroelectronic systems. Section 3.2 describes the details of our
experiments, including the materials, formation of Ga-water emulsion, sample
preparation, and methods of I-V measurements. Section 3.3 presents the of I-V data. The
results have shown coulomb blockade effect on electron tunneling in the devices
containing more than one nanoparticle junction. The measured threshold voltage is
consistent with our model. Finally, in section 3.4, I summarize our observations and
provide discussions for future research.

3.1 Background
Recently, macroelectronics, in which microelectronic devices are distributed yet
integrated over large area substrates with sizes much bigger than semiconductor wafers,
has emerged as an area of interest in semiconductor industry. It has generated various
applications in large-area control and sensing, including flat-panel displays, electronic
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paper, flexible displays, distributed x-ray imagers, large area phased-array radars,
printable thin-film solar cells, and electronic skins.[55-59]
Self-assembly is a powerful technology to fabricate macroelectronic systems over
large areas in a cost-effective and time-efficient fashion. In a device-level-integration
approach based on self-assembly, micrometer-scale electronic components, such as field
effect transistors (FETs), are batch-microfabricated and released to yield a free-standing
collection.[60, 61] These components are then self-assembled onto a patterned template
to form a functional macroelectronic system. In this approach, self-assembly is an
inherently parallel construction method that allows for cost-effective and fast integration
of a large number of electronic components onto substrates. There are three key
components of self-assembly-based macroelectronic fabrication technology: (1)
fabrication of freestanding micrometer-scale electronic components, (2)
recognition/binding capabilities that guide the self-assembly of components in the correct
location, and (3) determination of self-assembly procedures with a high yield.[60]
Self-assembly of micrometer-scale components has been studied previously.[62-66]
In these pioneering studies, a template with binding sites was prepared and a collection of
components was allowed to self-assemble onto the correct binding sites in a liquid
medium. During the integration, capillary forces were used to bind the components to the
template, and forces resulting from shear flow and gravity were used to move the
components and drive the system toward a minimum energy state. Today, there are two
efficient self-assembly methods to assemble microscopic components with yields
approaching 100%. The first method uses gravity in combination with complementary 3D
shapes to assemble the components onto patterned substrates.[63] The drawback of this
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approach is the requirement of post-processing in a clean room to provide electrical
connections. The second relies on capillary forces or shape recognition for the primary
alignment and then the capillary forces of a molten alloy to create the mechanical and
electrical connections.[60, 67] These previous studies have inspired further development
of self-assembly as a method of fabricating macroelectronic systems.
In the prior research, the fabrication of electronic components, such as field effect
transistor (FET), still required a large amount of work and time due to the small size
(~m) and large number of components. In this chapter, we present a method to fabricate
a large number of microscopic electronic devices. In this method, the micrometer (even
nanometer) scale electronic components, Ga droplets with adsorbed nanoparticles, are
fabricated using a few minutes ultrasonication. Then these components can be deposited
on patterned substrates and form microscopic devices. This method shows a great
potential in fabricating macroelectronic systems.

3.2 Experimental
3.2.1 Materials
In order to form microscopic electronic devices, we used a substrate with
independently addressable microband electrodes (IAME, from ABTECH Scientific, Inc.).
The IAME substrate had four gold microelectrodes formed from patterned conductors on
an insulating glass substrate chip (Figure 3.1). The microelectrodes and spacings were 5
m wide and 3 mm long. On top of the substrate, there was a Si3N4 insulating layer with a
window which protects the microelectrodes.
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We used gold nanoparticles with (1-mercaptoundec-11-yl)tetra(ethylene glycol)
ligands (Au-TEG) (Sigma-Aldrich, 687863). The diameter of the nanoparticles (R) is
2.3  0.5 nm.

Figure 3.1 Schematic illustration of an IAME substrate. Image from ABTECH
Scientific, Inc.

3.2.2 Gallium-Water Emulsions
In chapter 2, we demonstrated the adsorption of Au-TEG nanoparticles at Ga-water
interfaces.[68] With the protection of adsorbed layer of nanoparticles, Ga droplets (mm in
diameter) can remain stable against coalescence. In this section, we will show that
micron-sized Ga droplets, stabilized by adsorbed nanoparticles, can be easily formed
using ultrasonication.
In brief, the typical procedure for the formation of Ga emulsion was as follows. First,
HCl was added to aqueous suspension of Au-TEG nanoparticles (R = 2.3 nm, C = 0.2
mg/ml) to set the pH to 1.0. Then the temperature of the suspension was controlled at
~33oC (above Ga‟s melting point). Finally, we added a droplet of liquid Ga (10 L) and
used a water-bath ultrasonicator to ultrasonicate the mixture for 10 minutes. The Ga
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droplet was broken down to a large number of micron-size droplets. Gold nanoparticles
assembled at the Ga-water interfaces and stabilized Ga droplets.
These micron-size droplets remained stable in nanoparticle suspension and after
water evaporation. Figure 3.2 is an optical microscope image of stable Ga droplets in
suspension. In this sample, the size of Ga droplets ranged from submicron to more than
10 microns. We were also able to form Ga droplets with smaller size by increasing the
concentration of nanoparticles or extending the time of ultrasonication to more than 1
hour. Figure 3.3 is a scanning electron microscope (SEM) image of the same emulsion
shown in Figure 3.2. The emulsion was deposited on a silicon wafer and dried for a few
hours at room temperature in air before SEM observation. The image has shown Ga
droplets remained stable after water evaporation, indicating that Au-TEG nanoparticles
were still adsorbed at Ga surfaces, and protected the droplets from coalescence. In a
sample with a long ultrasonication time (> 3 hour), we achieved Ga droplets with
diameter of ~30 nm (Figure 3.4). These droplets could be useful to form macroelectronics
with a high density of self-assembled components in future work.
High-magnification SEM images and XPS data have shown the existence of Au-TEG
nanoparticles at Ga surfaces. See chapter 2 for more details. The adsorbed nanoparticle
layer protected the micron size Ga droplets from coalescence.
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Figure 3.2 Optical microscope image of Ga-water emulsion stabilized by 5 nm AuTEG nanoparticles. The scale bar is 10 µm.

Figure 3.3 Scanning electron microscope (SEM) image of dried Ga droplets coated
with Au-TEG nanoparticles. The scale bar is 10 µm.
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Figure 3.4 SEM image of a sample prepared with a long ultrasonication time (> 3
hour). The diameter of the Ga droplets has a range from ~30 nm to 1 m.
We also formed stable Ga-water emulsion with only ligands (no nanoparticles). We
used (1-mercaptoundec-11-yl)tetra(ethylene glycol) (TEG) which was dispersed in water.
The stable Ga emulsion was quite similar in appearance to the one with Au-TEG
nanoparticles. Figure 3.5 is an optical microscopy image of one sample with ligands. In
this sample, the average size of Ga droplets is larger than the ones in Figure 3.2.
However, the size can be tuned by controlling concentration of ligands and length of
ultrasonication time.
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50 m

Figure 3.5 Optical microscope image of Ga-water emulsion stabilized by (1mercaptoundec-11-yl)tetra(ethylene glycol) (TEG) (no nanoparticles). The scale bar
is 50 m.
To demonstrate that the interfacial-assembly method can work with a variety of
nanoparticles, we also formed stable Ga-water emulsion using gold nanoparticles
functionalized with citrate ligands (Au-cit) (Sigma-Aldrich, G1402) with R = 2.5 nm. The
procedure was the same as above. Optical microscope image (Figure 3.6) and SEM image
(Figure 3.7) show that Ga droplets remain stable in suspension and after water
evaporation.
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Figure 3.6 Optical microscope image of Ga-water emulsion stabilized by Au-cit
nanoparticles. Scale bar is 5 m.

Figure 3.7 Scanning electron microscope (SEM) image of dried Ga droplets coated
with Au-cit nanoparticles. Scale bar is 10 m.

In addition to ultrasonication method, we also studied formation of stable Ga droplets
using a microfluidic method (Xiaotao Peng).[69] We used a spinning Teflon disk to

51

generate a high speed fluid flow, which dragged Ga droplets off from a microtip (1~10
m in diameter). Using this method, we successfully synthesized 15-μm-diameter gallium
droplets with a polydispersity ~2%.

3.2.3 Sample Preparation
We used a drop-casting procedure to prepare samples. First, Ga-water emulsion
was rinsed with water (with HCl, pH=1) for a few times to remove extra Au-TEG
nanoparticles from aqueous phase. Then, a small volume (20 l) of the emulsion was
taken by a micropipette and dropped on an IAME substrate. After drying the sample for a
few hours at room temperature, we connected the IAME substrate to a picoammeter
(Keithley 6487) and ran current-voltage measurements.
Figure 3.8 is a SEM image of a sample formed using the above procedure.
Successive I-V measurements of this sample have shown the successful integrations of Ga
droplets on the substrate. However, the drawback of this procedure is obvious. As the
Figure 3.8 shows, there is a large number of Ga droplets deposited between electrodes.
This simple procedure generates uncontrollable number of Ga droplets, which prevents
quantitative analysis of electrical properties of the sample.
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5 μm

Figure 3.8 SEM image of a microscopic electronic device. Ga-water emulsion was
deposited and dried on an IAME substrate. Ga droplets, coated with Au-TEG
nanoparticles, connected the gold microelectrodes (white stripes on substrate) and
formed a circuit. Current-voltage measurements were applied across two of the
microelectrodes using a picoammeter.

An alternative procedure, using capillary force, was applied to control the
deposition of Ga droplets. As shown in the schematic illustration (Figure 3.9(a)), a water
droplet (20 l, with HCl, pH=1) was deposited on IAME substrate. The three-phase
(water-substrate-air) contact line was allowed to move on the substrate by increasing or
decreasing the volume of the water droplet (adding water using a micropipette or
evaporating water). The contact line was controlled at an appropriate position where the
water droplet covered a short length (~10 m) of microelectrodes. Then, a small volume
(~1 l) of Ga-water emulsion was added into the water droplet using a micropipette.
Owing to the capillary force of the water-air interface, a small number of micron-sized Ga
droplets were trapped along the contact line and formed isolated droplets or chain-like
Ga-droplet aggregates. Meanwhile, these Ga droplets connected the microelectrodes

53

because of the position of the contact line. Figure 3.9(b) is an optical microscopy image
of a sample during this procedure. In the end, the sample was dried for a few hours and
connected to a picoammeter to run current-voltage measurements. During the water
evaporation, we observed that the Ga droplets remained at the original locations.

(a)

(b)

Figure 3.9 (a) A schematic illustration shows a water droplet (20 ml, with HCl,
pH=1) deposited on IAME substrate. The contact line was controlled at an
appropriate position where the water droplet covered a short length (~10 m) of
microelectrodes. (b) An optical microscopy image of a sample during this procedure.
Ga droplets aggregated along the contact line and connected the microelectrodes.
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Figure 3.10(a) shows a SEM image of a microscopic electronic device formed
using above procedure. The device contains one Ga droplet (~10 m), which connects
two microelectrodes. Since the Ga droplet is coated with Au-TEG nanoparticles, as the
schematic illustration (Figure 3.10(b)) shows, a monolayer of nanoparticles connects the
Ga droplet and Au microelectrodes. As described in chapter 2, self-assembled
nanostructured electronic junctions are formed between Ga droplet and microelectrodes.
The gap of the junction is controlled by the size of the nanoparticles (a few nanometers).
In this device, there are two nanostructured electronic junctions in series. When a voltage
is applied across two electrodes, electrons will tunnel through each two junctions in
series. We note that the SEM image was taken after I-V measurements and a few hours‟
exposure in the air. So the surface of Ga droplet was oxidized. This could explain the
non-smooth surface of the Ga droplet.
Using the same procedure, we were able to form a device with two Ga droplets
(Figure 3.11). We hypothesize that there are three nanostructured electronic junctions in
series. The third junction is located between two Ga droplets. When a voltage is applied
across the two electrodes, electrons will tunnel through all three junctions in series. The
non-spherical shape of the Ga droplets might be induced by a solid layer of Ga oxidation
at the surfaces.
In a control experiment, using the same procedure, we fabricated a device with
one Ga droplet which was coated with only TEG ligands (no nanoparticles) (Figure 3.12).
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(a)

(b)

Ga

Ga

5 μm
Au

Figure 3.10 (a) SEM image of a microscopic electronic device contains one Ga
droplet. (b) Schematic illustration shows a side-view of the sample. The inset is
enlarged schematic illustration showing structure of the junctions. A monolayer of
nanoparticles connect the Ga droplet and Au microelectrodes.
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Figure 3.11 SEM image of a microscopic electronic device contains two Ga droplets.

5 μm
5 μm

Figure 3.12 SEM image of a microscopic electronic device contains one Ga droplet,
which is coated with TEG ligand (no nanoparticles).
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3.2.4 Current-Voltage Measurement
As described in chapter 2, a picoammeter (Keithley 6487) was connected in series
with the samples (shown in above Figures). A Labview program (file name: 6487_I-V.vi)
was used to control the picoammeter to run current-voltage measurements and collect
data. In the measurements, a source-drain voltage, VSD, was applied across two
microelectrodes. The electronic current, therefore, passed through the stabilizing
nanoparticle layers.
In chapter 2, we reported a transient current decay in current when a fixed Vsd was
applied to millimeter-scale Ga droplets (Figure 2.17). We attributed this transient current
to ions. Here, we also measured the time response of the microscopic devices under a
steady voltage. Figure 3.13 is I(t) data of the sample shown in Figure 3.8. A steady
voltage VSD = 0.1 V was applied on the sample, current was measured at a steady value I
~ 8 pA over a period of time (100 s). No transient ionic current decay was observed,
suggesting the absence of ions in the gap of nanostructured electronic junctions. The
current magnitude was around 1000 times smaller than the one of millimeter-scale Ga
droplets. This result could be explained by a smaller junction area of the microscopic
devices.

58

VSD=0.1 V

Current (A)

40p

20p

0

-20p
0

20

40

60

80

100

Time (s)

Figure 3.13 I(t) data of the sample shown in Figure 3.8. A steady voltage VSD = 0.1 V
was applied on the sample, current was measured at a steady value I ~ 8 pA over a
period of time (100 s). No transient current decay was observed.

3.3 Result and Discussion
3.3.1 Coulomb Blockade Effect
Figure 3.14 shows the I-V measurements of the microscopic devices (shown in
Figure 3.10) with Au-TEG nanoparticles (R = 2.5 nm). We found the Coulomb blockade
effect with a threshold voltage Vth = 0.2 V. The value of threshold voltage was twice as
large as that of the millimeter-scale Ga droplets (shown in Figure 3.14, reproduced from
chapter 2). This factor of two could be explained by the structure of the microscopic
device. We believe that there were two nanostructured electronic junctions in series. Each
junction, containing a monolayer of nanoparticles, had a threshold voltage Vth = 0.1 V.
When a voltage was applied, electrons sequentially tunneled through both junctions. The
sequential tunneling gave rise to a threshold voltage Vth = 0.2 V. Previous research on
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self-assembled array of nanoparticles showed similar sequential tunneling behavior.[7072] In a control experiment, I-V measurements of a device with TEG ligands (no
nanoparticles) showed no threshold behavior. An image of this droplet is shown in Figure
3.12. The I-V curve (shown in Figure 3.14) followed the linear + cubic form, I =
P0+P1×V+P2×V 3. This finding was consistent with the prediction of the tunneling of
electrons across the layer of ligand molecules. Parameters P0=(5.7±0.3)×10-11,
P1=(4.4±0.2)×10-10 and P2=(3.7±0.1)×10-9 were obtained directly from the fitting
(inset).
Comparing with the millimeter-scale device, as the Figure 3.15 (a) shows, the I-V
curve of the microscopic device is sharper at threshold voltage and has a smaller current
fluctuation, especially when the voltage is smaller than Vth. This phenomenon can be
explained by a smaller junction area. In millimeter-scale device, we estimate the junction
area is around 1 mm2. There are on the order of 108 or more nanoparticles in the junction
region. In microscopic device, the junction area is around 1 m2. Assuming a similar
concentration of nanoparticles at Ga surfaces, we estimate that the total number of
nanoparticles in the junction area is on the order of 102. The small number of
nanoparticles suppresses the finite current leakage at low VSD resulted from the thermal
fluctuation. We also speculate that defect nanoparticles, e.g. bigger nanoparticles or
nanoparticle aggregates, might be a contributing factor to the current fluctuation in the
millimeter-scale device. As the Figure 3.15 (b) shows, when the voltage VSD is larger than
Vth, the conductance of the microscopic device ((1.4±0.1)×10-8 S) is around twice as
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large as the one of the millimeter-scale device ((7.6±0.1)×10-9 S). This phenomenon is
unusual considering the large difference in junction areas.
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Figure 3.14 I-V measurements of the microscopic Ga devices with Au-TEG
nanoparticles and with just TEG ligands.
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Figure 3.15 (a) Comparison of I-V curves between the microscopic device and
millimeter-scale Ga droplets (Figure 2.18(b)). (b) The same data, but with the VSD
devided by 2 for the m-scale device. The voltage VSD is divided by two due to the
series effect.
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Figure 3.16 shows the I-V measurements of a microscopic device containing two
Ga droplets (shown in Figure 3.11). The data have shown a threshold voltage Vth = 0.3 V.
The value of threshold voltage indicates that there are three nanostructured electronic
junctions in series. This is consistent with our prediction from the SEM image (Figure
3.11).
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Figure 3.16 I-V measurement of a microscopic device with two Ga droplets which
are coated with Au-TEG nanoparticles.

Figure 3.17 shows I-V measurements of a microscopic device with a large number
of Ga droplets. A SEM image (Figure 3.17(a)) of the sample shows that four
microelectrodes are connected by polydisperse Ga droplets. These droplets are coated
with Au-TEG nanoparticles (R = 2.3 nm).
I-V measurements across neighbor microelectrodes 1&2 (b), 2&3 (c) and 3&4 (d)
showed Coulomb blockade effect with Vth = 4.0, 5.0 and 0.9 V. From the value of Vth, we
estimated that there are 40, 50 and 9 nanoparticle-layers in series between
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microelectrodes 1&2 (b), 2&3 (c) and 3&4 (d). When a voltage was applied, electrons
sequentially tunneled through multiple nanoparticle-layers. One reason for the large
quantity of layers was the larger number of Ga droplets, which had diameters from 30 nm
to 5 m. Another possible reason was that there might be some aggregations of
nanoparticles between Ga droplets. These measurements have shown the potential in
fabricating nanostructured devices with larger threshold voltage.
We also found I-V measurements across microelectrodes 2&4 (e) had a Vth = 6.0 V,
which equaled to a sum of Vth of microelectrodes 2&3 and 3&4. This phenomenon
indicates the sequential tunneling of electrons in nanoparticle-layers. Figure 3.18 (a)
shows the resistance (R) of microelectrodes 2&3, 3&4 and 2&4, calculated from the I-V
curves in Figure 3.17. When VSD >Vth, the resistance decreases as the Vsd increases. When
VSD <Vth, the resistance is larger than 1011 Ohm due to the Coulomb blockade of electron
tunneling. When VSD ~ Vth (Figure 3.18 (b)), the resistance of microelectrodes 2&4 R24 is
approximately 7*1011 Ohm, which is close to the sum of R23 (~ 2.3*1011 Ohm) and R34 (~
4.2*1011 Ohm). Figure 3.19 compares the I-V curve of microelectrodes 2&4 with a
summed I-V curve whose voltage V = V23 + V34 , and current I = I23 = I34. The summed IV curve overlaps the I-V curve of 2&4 when current is low. However, a deviation occurs
when current increases. This result indicates that the nanoparticle-junctions in
microelectrodes 2&3 and 3&4 are connected in series.
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Figure 3.17 (a) SEM image of a microscopic device with a large number of Ga
droplets. The droplets are coated with Au-TEG nanoparticles (R = 2.5 nm). I-V
measurements across microelectrodes 1&2 (b), 2&3 (c), 3&4 (d) and 2&4 (e) show
Coulomb blockade effect with Vth ~ 4, 5, 0.9 and 6 V.
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Figure 3.18 (a) Resistance (R) of microelectrodes 2&3, 3&4 and 2&4 versus Vsd. The
value of resistance is calculated from the I-V curves in Figure 3.17. (b) Comparison
of R-V curves when Vsd >Vth.
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Figure 3.19 Comparing the I-V curve of microelectrodes 2&4 with a summed I-V
curve whose voltage V = V23 + V34 , and current I = I23 = I34.

In the early stage of this project, we also found similar threshold behavior in I-V
measurements of a home-made substrate with two “T”-shape microelectrodes.[68] This
substrate had a doped Si gate electrode buried under a 100-nm layer of SiO2. The gap
between the source and drain electrodes was 10 m. Figure 3.20(a) is a reflective optical
microscopy image of a sample with several Ga droplets deposited on the substrate. These
Ga droplets were coated with gold nanoparticles functionalized with citrate ligands (Aucit, R = 2.5 nm). As the Figure 3.20(b) shows, I-V curves were measured at different gate
voltages Vg = 0 ~ 5 V. The data have shown obvious threshold behavior with Vth ~ 2.0 V,
however, no gate effect was measured. Figure 3.20(c) is a plot of differential conductance
vs. voltage for different gate voltage. The plot shows that there was no conductance
change with gate voltage. We conclude that the applied gate voltage was not large enough
to change the threshold behavior.
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Figure 3.20 (a) A reflective optical microscopy image of a home-made substrate
withseveral Ga droplets. These Ga droplets are coated with Au-cit nanoparticles
(R=2.5nm). The inset is a schematic illustration of the sample. (b) I-V measurements
at different gate voltage Vg = 0 ~ 5 V. (c) Differential conductance vs. voltage for
different gate voltage.

3.4 Summary
In summary, we presented an approach to fabricating microscopic electronic devices
using self-assembly technology. In this method, micrometer-scale electronic components,
Ga droplets with self-assembled nanoparticles, were fabricated using ultrasonication.
Then these Ga droplets were deposited on patterned substrates to form microscopic
devices. I-V measurements have shown sequential coulomb blockade effect in the devices
containing more than one nanoparticle junction. The measured threshold voltages were
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corresponding to number of junctions. The research has shown a great potential of
interfacial-assembly technology in fabricating microscopic electronic devices over a large
area in a cost-effective and time-efficient fashion.
For future work, a promising topic is designing and fabricating patterned
substrates for integrating macroscopic systems with micron size Ga droplets. The
substrates should have large number of binding sites for Ga droplets. For instance, a
substrate with bowl-shaped concave pits (micron size) can trap single Ga droplet (with
similar size) in each pit by using gravitational force. Pre-patterned microelectrodes inside
the pits can electrically connect the Ga droplet and form nanoparticle junctions. We could
also use electro hydrodynamic assembly to draw Ga droplets in water to the
microelectrodes.[73] Combining the formation of micron size Ga droplets, macroscopic
systems with a large number of single electron transistors can be easily formed using selfassembly technology.
Another topic for future work is studying the gate voltage effect on the Gadroplet-based devices. The gate electrode can be buried under the source and drain
electrodes, or deposited on top of Ga droplets after deposition of an insulating layer. By
applying gate voltage on these electrodes, the threshold voltage can be tuned according to
the Coulomb blockade model. Our research will be useful to fabricating single electron
transistors with tunable threshold voltage.
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CHAPTER 4
ADSORPTION ENERGY OF NANO- AND MICROPARTICLES AT LIQUIDLIQUID INTERFACES.

In this chapter, we study experimentally the energy of adsorption, E, of
nanoparticles and microparticles at the oil-water and Ga-water interfaces by monitoring
the decrease of interfacial tension as the particles bind. For citrate-stabilized gold
nanoparticles (Au-cit) assembling on a droplet of octafluoropentyl acrylate (OFPA), we
find E = 5.1 kBT for particle radius R = 2.5 nm, and E  R2 for larger sizes. Gold
nanoparticles with (1-mercaptoundec-11-yl)tetra(ethylene glycol) ligand (Au-TEG) have
a much larger binding energy (E = 60.4 kBT) and an energy barrier against adsorption.
For polystyrene spheres with R = 1.05 μm, we find E = 0.9  106 kBT. We also find that
the binding energy depends on the composition of the oil phase and can be tuned by the
salt concentration of the nanoparticle suspension. At Ga-water interfaces, we find that E
of Au-cit and Au-TEG nanoparticles are much larger, which can be explained by a large
Ga-water interfacial tension. These results will be useful for controlling the assembly of
nanoparticles at liquid interfaces, and the method reported here should be broadly useful
for quantitative measurements of binding energy.
In section 4.1, I will provide an introduction to adsorption energy of particles at
liquid-liquid interfaces. Section 4.2 describes the experimental details, including
materials and interfacial tension measurements. Section 4.3 presents measured results and
analyses of particles at OFPA-water, fluorohexane (FH)-water and Ga-water interfaces.
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Finally, in section 4.4, I summarize our observations and provide discussions for future
research.
4.1 Introduction
Interfacial assembly of nanoparticles and microparticles at liquid-liquid interfaces
offers a straightforward and inexpensive route to structures with high spatial resolution
and highly tunable, unusual properties.[74-89] Although self-assembly of colloidal
particles at liquid-liquid interfaces has been intensively studied, the adsorption energy
still has not been measured directly.
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Figure 4.1 (a) A schematic illustration showing the binding of a spherical particle
from water phase to oil-water interface. (b) Interfacial energy well of adsorbed
particles. a = 1/0, b = 2/0.
A simple expression for the binding energy of a single particle to the interface, E, is
obtained by calculating the change in total interfacial energy when a particle moves from
one fluid to the lowest-energy position at the interface.[90, 91] Figure 4.1(a) is a
schematic illustration showing the binding of a spherical particle at an oil-water interface.
R is the particle radius. Z is the vertical distance from the center of the particle to the
interface. 0 is the interfacial tension of the oil-water interface, and 1 and 2 are the

70

interfacial tensions of the particle-water and particle-oil interfaces, respectively. For a
particle adsorbed at the interface (-1<Z/R<1), there are three contributions to the
interfacial energy:
(1) Energy of the particle-water interface
E1 = 1 πR2(1  Z/R) ,
(2) Energy of the particle-oil interface
E2 = 2 πR2(1  Z/R) ,
(3) Negative energy of missing oil-water interface
E0 = 0 πR2(1  (Z/R)2) .
The total interfacial energy
E = E1  E2  E0 = πR20 [(Z/R)2 ab(Z/R) a+b].
Here, a = 1/0, b = 2/0.
Figure 4.1(b) shows the interfacial energy well of adsorbed particles. When Z/R = ba =
(2

1)/0,

the

total

interfacial

energy

has

a

minimum

Emin

=

πR20

[a+babFor a particle not adsorbed at the interface (in water Z/R>1, in oil
Z/R<1), total interfacial energy E‟ =πR20 bor πR20 a, respectively. When a
particle binds to the interface from water, the binding energy
E = E‟Emin = πR20 [1-b-aba= πR20 [1 (2 1) /0]2.
This expression is only valid when  2   1   0 , otherwise E = 0 and the particles do
not bind to the interface. Here, the combination ( 2   1 ) /  0 is the cosine of the YoungDupre contact angle between particle and interface.
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Using this model, the binding energy of particles can be calculated by measuring 1
and 2. The values of  1 and  2 have been measured for flat surfaces,[75] however, a
quantitative comparison to the binding energy of spherical particles still has not been
made. Nonetheless, for plausible choices of  1 and  2 , the model predicts E  106
kBT for R = 1 μm, where kBT is the product of Boltzmann’s constant and the absolute
temperature, T = 298 K.[90] The model treats the particle-solvent interactions at a
continuum level (with  1 and  2 ) and it is not clear a priori that this approximation
should work for nanometer-scale particles. Previous experiments found thermally excited
escape of the nanoparticles, indicating that E is only on the order of kBT,[78, 82] which
is consistent with the prediction that E scales with R2. More recent simulations,
however, have suggested that the three-phase line tension might contribute as well, so that
E may scale with R for small sizes.[92] Because of the prospects for controlled
assembly and the debate over the binding mechanism, direct measurements of the binding
energy are needed.
Here we demonstrate a straightforward method to obtain the adsorption energy E of
particles at liquid-liquid interfaces. As has already been shown, interfacial assembly of
particles causes reduction of the effective interfacial tension, .[93-97] Here we show
that in the absence of particle-particle interactions, the reduction of  is directly related to
the binding energy of the particles, so that E can be obtained from the measurements.
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Figure 4.2 Schematic illustrations show oil-water interfaces with adsorbed particles.
I: A small part of the interface with an area δA and Ns adsorbed particles. II: The
interfacial area is increased to 2δA while preserving the total number of particles in
the sample and the density of adsorbed particles
We now describe how the effective interfacial tension () changes with particle
binding and how E was extracted. As Figure 4.2 shows, for a small part of the oil-water
interface with an area δA and Ns adsorbed particles, the total interfacial energy EI can be
expressed as
EI =0 δA + Ns E.
Here E is the change in free energy for each particle that adsorbs at the interface from
bulk solution. This model assumes that there are no interactions among interfacially
bound particles. If the interfacial area is increased to 2δA while preserving the total
number of particles in the sample and the density of adsorbed particles, the total
interfacial energy becomes EII:
EII =20 δA + 2Ns E.
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From the definition of interfacial tension, we can write an expression for the interfacial
tension of the decorated surface:

 EII EIδA =0 + Ns E / δA,
indicating that  decreases by E divided by the area per interfacial particle.
From this equation, we find:
E =0) δA / Ns = 0) πR2 /
which is a function of interfacial tension, radius and area fraction of particles at the
interface (= Ns πR2 δA). Here, we note that  does not depend on the depth of
immersion into the liquid. As Figure 4.3 shows, the is the same whether the interface is
at position A or B. To measure E, therefore, we measured 0 and  for a known value of

. In practice, we accomplished this by increasing the bulk density of nanoparticles until
no longer changed, then assumed that the interface was close-packed (i.e.,  = 0.91).

nanoparticle

A
B
interface
Figure 4.3 A schematic illustration shows nanoparticles binding at a liquid-liquid
interface. Whether the interface is at position A or B, the area fraction the is the
same.
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4.2 Experimental
4.2.1 Materials
In this project, we chose water-soluble nanoparticles and microparticles to study the
adsorption at oil-water interfaces. We used citrate-stabilized gold nanoparticles (Au-cit)
(Sigma-Aldrich, G1402) with R = 2.5, 5 and 10 nm (according to the manufactures). The
standard deviation of the particle size is less than 15% of the mean size. Gold
nanoparticles with (1-mercaptoundec-11-yl)tetra(ethylene glycol) ligands (Au-TEG)
(Sigma-Aldrich, 687863) have R = 2.3  0.5 nm. The polystyrene particles functionalized
with amidine (Invitrogen, product number 3-2000, batch number 14001) have R = 1.05
μm. The standard deviation of the particle size is 3.2% of the mean size.
We chose two different oils which could adsorb nanoparticles and microparticles at
the oil-water interfaces. The first one is 2, 2, 3, 3, 4, 4, 5, 5-octafluoropentyl acrylate
(OFPA) (from Sigma-Aldrich, product number 250074). OFPA has a mass density
=1.49 g/cm3. The other oil is 1-fluorohexane (FH) (from Sigma-Aldrich, product
number 474401). FH has a mass density =0.8 g/cm3. OFPA and FH had purity at 97%
and 98% and were used as received.
In a control experiment, the OFPA was purified using column chromatography to
remove monomethyl ether hydroquinone, which was present as an inhibitor. The oil (10
mL) was first dissolved in dichloromethane at a volume ratio = 1:1. Then a column
(Scientific Polymer Product, Inc. Catalog number SDHR-4) was used to remove the
inhibitor from the OFPA/dichloromethane mixture. In the end, dichloromethane was
removed by a 20-min rotary evaporation at T = 45oC and then a 24-hour vacuum
evaporation at room temperature. As described below, the purified OFPA exhibited the

75

same behavior as the as-received OFPA, indicating that impurities in the oil did not play a
significant role.
The oils (FH and OFPA) were chosen because polystyrene particles functionalized
with amidine can adsorb at these oil-water interfaces. Silicon oil and octane were also
used in our previous experiments, however, no adsorption of polystyrene particles was
observed. The other reason to choose these oils is the mass densities (0.80 g/ml for FH
and 1.49 g/ml for OFPA). In order to measure the interfacial tension from the shape of a
droplet, the density difference between the oils and water must be large enough to
generate an observable deformation of the shape of droplet.

4.2.2 Interfacial Tension Measurements
We measured the interfacial tension from the shape of a droplet, which is determined
by a balance of gravitational and capillary forces.[98] Here, we describe two methods
used in our experiments: pendant droplet method and sessile droplet method.
Pendant Droplet Method
As the image in Figure 4.4 shows, a pendant droplet of OFPA (density=1.49 g/ml) is
held by a needle in aqueous solution at ambient temperature (~22oC). The blunt needle is
made of steel with an outer diameter of 0.91 mm and an inner diameter of 0.60 mm (AirTite Products Co., Inc.). The droplet volume ranges from 6.0 to 8.0 L. To determine
the shape of the droplet was captured and fit to a shape predicted by the Young-Laplace
equation using software provided with the tensiometer (OCA 20, Future Digital Scientific
Co., Garden City NY).[98] We used this method to measure the interfacial tension of
samples with Au-cit nanoparticles and polystyrene particles. For fluorohexane
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(density=0.8 g/ml), a homemade u-shaped needle (Figure 4.5) was used to hold a rising
oil droplet and the analysis is the same as for a pendant droplet with a net force acting
upward.
There are two prerequisites for the pendant droplet method. First, the mass density
difference between the droplet phase and ambient phase must large enough to generate an
observable deformation of the shape of droplet. Second, the interfacial tension of the
liquid interface must have a sufficiently large value to hold the droplet. Otherwise,
gravitational force will pull the droplet off the needle.

Figure 4.4 Optical image of a pendant droplet of OFPA held by a needle in an
aqueous suspension of nanoparticles. The scale bar is 1.0 mm. The shape of a
pendant droplet of OFPA in water is captured by tensiometer and fit to a shape (red
curve in inset) predicted by the Young-Laplace equation using the software
provided with the tensiometer. The value of is then determined from the fitted
shape.
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water
FH

Figure 4.5 Schematic illustration of a u-shaped needle holding a rising FH droplet in
an aqueous suspension of nanoparticles.
Sessile Droplet Method
The pendant droplet method cannot be used for Au-TEG nanoparticles, since OFPA
droplet falls from the needle during the measurement owing to the large reduction in . In
thesecases, we used a sessile droplet method to measure the interfacial tension. In this
method, a droplet of OFPA was placed on a horizontal glass substrate immersed in an
aqueous solution. Figure 4.6 is a schematic illustration showing the side view of the
droplet. The interfacial tension is calculated using an equation: [99]



( O   W ) gH 2
.
4.308(1  H / Re )

Here, the diameter of the equator (Re) and height of the droplet (H) are measured from an
image taken by the camera of the tensiometer. The mass density of the oil (and water
(W) are 1.49 and 1.00 g/cm3. g is the acceleration due to gravity. This equation provides
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a rapid estimation of interfacial tension of droplets which have contact angles larger than
90o and do not deviate too much from the spherical shape. In a control experiment with
an OFPA droplet in water, the sessile-droplet method and pendant-droplet method
provided indistinguishable values of .
Figure 4.7 shows images of one sample measured using sessile droplet method. A
sessile droplet of OFPA was placed on a horizontal glass substrate immersed in water
(Figure 4.7 (a)). The volume of the droplet was 80 L. After adding Au-TEG
nanoparticles to water (Figure 4.7 (b)), the shape of the droplet was deformed: the
diameter of the equator (Re) increased; the height of droplet (H) decreased. The
deformation indicated a reduction of interfacial tension, which resulted from adsorption
of nanoparticles at the interface. Interfacial tension of this droplet was measured using
above method. The results showed a reduction of interfacial tension. In Figure 4.7 (b), the
water phase became dark after the addition of nanoparticles because of the color of the
nanoparticle solution.

water
H
OFPA

Re

Figure 4.6 Schematic illustration shows a sessile droplet of OFPA (side view) placed
on a horizontal glass substrate immersed in an aqueous suspension of nanoparticles.

79

(a)

water
OFPA

(b)

water with Au-TEG

OFPA

Figure 4.7 Sample images. (a) A sessile droplet of OFPA was placed on a horizontal
glass substrate immersed in water. The scale bar was 2 mm. (b) After adding AuTEG nanoparticles into water, the shape of droplet was deformed due to a reduction
of interfacial tension. The scale bar was 2 mm. The water phase became dark
because of the color of nanoparticle solution.

4.3 Result and Discussion
We report on three different types of particles suspended in water, binding at the
interface between water and a fluorocarbon oil (sections 4.3.1-2) and between gallium
and water (4.3.3). For citrate-stabilized gold nanoparticles (Au-cit) binding to a droplet of
OFPA, we find E = 5.1 kBT for particle radius R = 2.5 nm, and E  R2 for R up to 10
nm. The rate of assembly suggests that there is no energetic barrier against adsorption.
We also find the binding energy can be increased by adding NaCl to the nanoparticle
suspension. For 2.3 nm diameter nanoparticles stabilized with (1-mercaptoundec-11yl)tetra(ethylene glycol) (Au-TEG), however, E = 60.4 kBT and the adsorption rate is
80

around 10 times slower, indicating that there is a substantial and unexpected energy
barrier against adsorption. On droplets of 1-fluorohexane (FH) in water, we find weaker
binding: we discern no binding of Au-cit (i.e. E~0 kBT) and for Au-TEG we find E =
17.4 kBT. For micron-sized polystyrene particles in water binding to a FH droplet we
find E = (0.9  0.1) 106 kBT, consistent with the much larger radius. Using optical
microscopy, we also measure the depth of the particle at the interface. Finally, at Gawater interfaces, we find that the adsorption energy of Au-cit and Au-TEG nanoparticles
are much larger, which can be explained by a large Ga-water interfacial tension. Together,
these results show that the binding-energy model based on interfacial energy provides an
accurate description.
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4.3.1 OFPA-Water Interface
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Figure 4.8 Interfacial tension () of OFPA/water interface decreased during the selfassembly of Au nanoparticles (stabilized by citrate) with different radii (R): (a)
When R = 2.5 nm, at different nanoparticle concentrations, C,  decreased to
different plateau values p (see text for numerical values). The dashed line indicates
0, the interfacial tension of the OFPA/water interface without nanoparticles. (b)
When R = 5 nm,  decreased to the same plateau values for all three values of C (p
=26.03  0.10 mN/m). (c) When R = 10 nm,  decreased to the same plateau value (p
= 26.03  0.10 mN/m).
Figure 4.8 shows the measured interfacial tension of an octafluoropentyl acrylate
(OFPA)-water interface during self-assembly of Au-cit nanoparticles. We show data for 3
different radii (R). Looking first at the smallest nanoparticles (R = 2.5 nm, Figure 4.8(a)),
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the interfacial tension decreased because of the continuous adsorption of nanoparticles
and gradually reached a plateau value p. At different nanoparticle concentrations (C = 0.1,
0.5 and 1.0 mg/ml), the interfacial tension reaches different plateau values (p = 26.4,
26.2 and 26.0  0.1 mN/m). We assume the plateau value for C = 1.0 mg/ml corresponds
to a close-packed interface. The dotted line shows the interfacial tension of the OFPAwater interface without nanoparticles, from which we find 0 = 27.0  0.1 mN/m. When R
= 5 nm (Figure 4.8(b)), at different nanoparticle concentrations (0.1, 0.5 and 1.0 mg/ml),

 decreased to the same plateau value (p = 26.0±0.1 mN/m) after the adsorption of Au
nanoparticles. When R = 10 nm (Figure 4.8(c)), the same phenomenon occurred with p =
26.0±0.1 mN/m. Using the expression of binding energy E = 0p) πR2 /, for R =
2.5, 5 and 10 nm, we obtain the adsorption energy E = 5.1  0.5, 20  2 and 80  8

kBT .
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Figure 4.9 A plot of E vs. R2. A linear fit shows that adsorption energy of Au-cit
nanoparticles E  R2.

83

Our measurement shows that the plateau value of  is independent of R, which
means the adsorption energy scales with R2 (Figure 4.9). This result agrees with the
interfacial-tension binding-energy model that was described in the introduction. We also
note that E could be considerably larger by control of 1 2; for instance, if 1 = 2, then
E ~ 130 kBT for R = 2.5 nm.

Au-cit, R=2.5nm
Adsorption
Desorption
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Figure 4.10 After the droplet was held in a suspension of R = 2.5 nm Au
nanoparticles for 2  104 s ( reached a plateau value), the concentration of
nanoparticle was diluted from 1.0 to 0.1 mg/ml by slowly adding water into the
suspension. After dilution, the interfacial tension slowly increased to 26.4 mN/m,
indicating a spontaneous desorption of nanoparticles from interface.

We found that the interfacial binding of R = 2.5 nm nanoparticles is reversible. To
test this, we first suspended an OFPA droplet in an aqueous suspension of nanoparticles
with C = 1.0 mg/ml for 2  104 s (  reached a plateau value). We then diluted the aqueous
phase with Millipore-filtered water and thereby reduced C from 1.0 to 0.1 mg/ml. After
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dilution, the interfacial tension slowly increased to 26.4 mN/m, as shown in Figure 4.10.
The noise during desorption is smaller because the aqueous phase became more
transparent after the dilution. This lead to a better image contrast at oil-water interfaces.
The new plateau value agrees with the earlier measurement at concentration C = 0.1
mg/ml (Figure 4.8(a)). The spontaneous desorption of nanoparticles is consistent with our
finding that E= 5.1kBT, which is comparable to the thermal energy. We also tested the
reversibility of larger nanoparticles (R = 5, 10 nm) and found that no desorption occurred
owing to the larger binding energy. For R = 5 nm nanoparticles, the desorption rate ( ~
exp(E / kBT)) is ~e-20, which is slower that the one of R = 2.5 nm nanoparticles (~e-5.1)
by a factor of 3×10-7.
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Figure 4.11 (a) A rising droplet of water (with Au-cit nanoparticles, R = 10 nm, C =
1.0 mg/ml) in OFPA. (b) Interfacial tension of the water droplet in OFPA decreased
to the same plateau value as the positive curvature.
To probe the role of the sign of interface curvature, we measured E for Au-cit
particles initially inside a water droplet in OFPA. Figure 4.11 (a) is an image of a rising
droplet of water (with Au-cit nanoparticles, R =10 nm, C = 1.0 mg/ml). Figure 4.11 (b)
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shows the interfacial tension measurement of the droplet. We found the same plateau
value,  p =26.0  0.2 mN/m, as the positive curvature, indicating that interface curvature
(at the scale of mm-1) does not have a measurable effect on E.
Table 4.1 For Au-cit nanoparticles with different sizes (R = 2.5, 5, 10 nm), the
electrophoretic mobility () and electrical conductivity were measured at different
salt concentrations (Cs). The original salt concentration Cs = 0.007 mol/L was
calculated from the electrical conductivity. The zeta potential () was inferred from
the Henry equation: =/2f(R). Here is viscosity of water,  is dielectric
constant, is Debye length and R is radius of particles.
R
(nm)
2.5

Cs
(mol/L)
0.007
0.017
0.037
0.007
0.017
0.007

5
10


(mV)
-42.3
-22.6
-24.0
-38.2
-17.7
-33.5


Conductivity
(m·cm/V·s)
(mS/cm)
1.01
-2.9
2.14
-2.4
3.94
-1.9
0.92
-2.9
2.03
-1.8
1.20
-2.6

26
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Figure 4.12 After adding NaCl into a suspension of Au-cit nanoparticles (R=5 nm), 
approached a lower plateau value, which corresponds to a larger E. A control
experiment without nanoparticles (C = 0 mg/ml) showed that 0 remained constant
at 27.0 mN/m when Cs = 0.03 mol/L.
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Figure 4.13 A plot of E/R2 vs. Cs shows the magnitude of the binding energy of
increased with the concentration of NaCl (Cs).
We found the concentration of salt in the solution, CS, alters p and the E. To probe
this effect, we first estimated the original CS of the nanoparticle solutions. We measured
the electrical conductivity of the Au-cit nanoparticle solutions at different salt
concentrations by using a Zetasizer (wavelength = 532 nm, scattering angle = 17o,
Malvern Instruments Ltd, Westborough MA). From the measurements of electrical
conductivity (Table 4.1), we found a value of original salt concentration consistent with
CS = 0.007 mol/L.
We adjusted CS by adding controlled amounts of NaCl (added as solution with 0.1
mol/L). Figure 4.12 shows data for Au-cit (R = 5 nm) nanoparticles at fixed nanoparticle
concentration (C=1.0 mg/ml) but different salt concentrations (CS = 0.007 and 0.017
mol/L). We found that pchanged from 26.0 to 25.6  0.1 mN/m. In a control
measurement without nanoparticles, we found 0 did not change after addition of NaCl
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(CS = 0.03 mol/L). From these data, we calculated the binding energy of Au-cit
nanoparticles (R = 5 nm), E  20.2 and 29.2  2.0 kBT for CS = 0.007 and 0.017
mol/L. For R = 2.5 nm nanoparticles, we also calculated different E  5.1, 6.9 and
9.3  0.5 kBT at different salt concentrations (CS = 0.007, 0.017 and 0.037 mol/L).
Figure 4.13 shows measured E /R2 vs. CS for R = 2.5 and 5nm; the overlap of the data
shows that the particles have the same dependence on CS.
To explain the increase of E , the electrophoretic mobility () was measured at
different salt concentrations (Cs) for Au-cit nanoparticles with different sizes (R = 2.5, 5,
10 nm) (See Table 4.1). The zeta potential (), which is the potential difference between
dispersion medium and the stationary layer of fluid attached to the dispersed particle, was
inferred from the Henry equation: = / 2f(R). Here is the viscosity of water,  is
the dielectric constant of water, is Debye length and R is the radius of particles.[100]
We note that the electrophoretic mobility of nanoparticles decreased with increasing CS,
implying that the nanoparticles were less charged and therefore less soluble in water. This
could lead to a larger value of  and hence larger E according to the interfacial-tension
binding-energy model.
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Au-cit, R=2.5nm C=1.0mg/ml
OFPA/water interface
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Figure 4.14 Interfacial tension () measurements of OFPA before and after the
purification using column chromatography. The interfacial tension as a function of
time with 2.5-nm Au-cit nanoparticles (C=1.0 mg/ml) was indistinguishable from the
same experiment using as-received OFPA.
In a control experiment with OFPA purified by column chromatography, the
interfacial tension as a function of time with 2.5-nm Au-cit nanoparticles (C=1.0 mg/ml)
was indistinguishable from the same experiment using as-received OFPA (see Figure
4.14).
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Figure 4.15 Measured  of OFPA/water interface during adsorption of Au-TEG
nanoparticles (R = 2.3 nm). Data with six concentrations are shown.
We also investigated gold nanoparticles with long, neutral, amphiphilic ligands (1mercaptoundec-11-yl)tetra(ethylene glycol) (TEG).[101] Figure 4.15 shows the interfacial
tension of an OFPA-water interface during the self-assembly of Au-TEG nanoparticles
with R = 2.3  0.5 nm and C = 0.08~2.0 mg/ml. With increasing C,  decreased to smaller
plateau values (p ranging from 19.2 to 12.8  0.2 mN/m). Assuming that the minimum p
corresponds to a close-packed interface ( = 0.91), we obtain E = 60.4  1.0 kBT from
equation 4. This value is approximately 12 times greater than E of similar sized Au-cit
nanoparticles. The increasing of E could be explained by the fact that the ligand is
amphiphilic, so that (12) is smaller; this suggests that the choice of the ligand is an
effective method to control binding energy. We note that R does not include the length of
the ligand (~1.5 nm) in this calculation. The  could have a larger value (~165 kBT) when
the length of ligand is included.
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Figure 4.16 Transmission electron microscopy (TEM) image of a dried OFPA
droplet confirmed the adsorption of Au-TEG nanoparticles at the oil-water
interfaces. Other regions of the grid have no features of the kind shown in the
image.
We confirmed the interfacial adsorption of Au-TEG nanoparticles by transmission
electron microscopy of dried OFPA-water emulsions (Figure 4.16). An OFPA-in-water
emulsion was formed by adding OFPA in water with Au-TEG nanoparticles (C =
1.0mg/ml) and shaking by hand for a few minutes. Then the emulsion was rinsed with
water to remove excess nanoparticles from bulk solution. After that, the emulsion was
dried on a copper grid for TEM. The TEM image of a dried OFPA droplet confirmed the
adsorption of Au-TEG nanoparticles. Other regions of the grid have no features of the
kind shown in the image.
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Figure 4.17 Measured  of OFPA/water interface during adsorption of TEG ligands
(no nanoparticles) at a concentration of 0.15 mg/ml
In control experiments with just the ligand (1-mercaptoundec-11-yl) tetra(ethylene
glycol) in water (no nanoparticles), we found p= 14.9 mN/m with ligand concentration of
0.15 mg/ml (Figure 4.17). In samples with nanoparticle concentration C = 2.0 mg/ml
(where p = 12.8 mN/m), the free-ligand concentration must be well below 0.15 mg/ml,
so that the change in  comes from the nanoparticles.
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Figure 4.18 The measured interfacial tension () of an OFPA/water interface
decreases during the self-assembly of (a) Au-cit nanoparticles (R=2.5 nm, C=1.0
mg/ml) and (b) Au-TEG nanoparticles (R=2.3 nm, C=1.0 mg/ml). The curves show
the result of a best fit to the equation (t)=p+(0p)exp(t/), where 0 is the
measured interfacial tension of the bare oil-water interface (0 = 26.99 ±0.10 mN/m).
The best-fit parameters are  = 1.7  103 s and 1.3  104 s for Au-cit and Au-TEG
nanoparticles, respectively.
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The rate of adsorption of Au-TEG nanoparticles was much slower than that of Au-cit
nanoparticles. As the Figure 4.18 shows, this difference is visible by comparing Au-cit
nanoparticles (R = 2.5 nm) with Au-TEG nanoparticles (R = 2.3 nm) at the same
nanoparticle concentration (C = 1.0 mg/ml). To quantify the difference, we fit the data to
an exponential decay function, (t) = p+(0p)exp(t/). We found good agreement
with the data with  = 1.3  104 s and 1.7  103 s for Au-TEG and Au-cit nanoparticles,
respectively.
This slow adsorption dynamics can be explained by a free-energy barrier EB
(defined as a positive number) for adsorbing Au-TEG nanoparticles from the bulk
suspension. Again assuming no interactions among nanoparticles, the characteristic rate
of adsorption is a function of EB and E,

-1 = D-1 exp(EB/kBT)(1+exp(E/kBT),
where D is the diffusion-limited rate (when EB = 0 and |E| >> kBT).[102] We assume
that the Au-cit adsorption rate is approximately diffusion-limited so that D equals the
measured value (1.7  103 s). Moreover, because the sizes and concentrations are similar,
the D should be the same for Au-cit and Au-TEG nanoparticles. We then obtain EB
2.0 kBT for Au-TEG from the measured .
The energy barrier might arise from electrostatic repulsion from the interface or from
the nanoparticles that are already adsorbed to the interface;[97] this mechanism, however,
would be expected for the (charged) Au-cit particles and not the neutral Au-TEG, in
contrast to the data.

Alternatively, analogous to an effect seen in surfactant

adsorption,[103] the energy barrier could arise from a rearrangement of the TEG ligands
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((1-mercaptoundec-11-yl)tetra(ethylene glycol)) at the liquid interface during adsorption.
In a control experiment with aqueous solution of TEG ligands, we found that TEG
ligands adsorb at the OFPA-water interface, where we assume they orient with the
undecane chain in the oil and TEG in the water. When Au-TEG nanoparticles adsorb, the
ligands approach the interface with the opposite orientation, which might force a
rearrangement of the ligands during adsorption and lead to a free-energy barrier.
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Figure 4.19 After the droplet was held in a suspension of R = 2.3 nm Au-TEG
nanoparticles for 1  104 s, the concentration of nanoparticle was diluted from 1.5 to
0.1 mg/ml by slowly adding water into the suspension. After dilution, the interfacial
tension remained constant, which indicated there was no spontaneous desorption of
nanoparticles from interface.
Unlike Au-cit nanoparticles, the Au-TEG nanoparticles bind irreversibly. Figure 4.19
shows an interfacial tension measurement of an OFPA droplet in Au-TEG nanoparticle
solution. We found that the interfacial tension did not increase after the concentration of
Au-TEG nanoparticles was diluted from 1.5 to 0.1 mg/ml. This result is expected from
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the large binding energy of 60.4 kBT. (Moreover, the energy needed to escape from the
interface should be |E| + EB, roughly 62.4 kBT).

4.3.2 FH-Water Interface:
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Figure 4.20 Measured  of FH/water interface during adsorption of Au-cit
nanoparticles (R = 10 nm) at a concentration of 1.0 mg/ml
The adsorption energy of nanoparticles was also measured at the interface between
fluorohexane (FH) and water.  of a FH droplet in water without nanoparticles was
measured at 24.1  0.2 mN/m. As the Figure 4.20 shows, with Au-cit nanoparticles (R =
10 nm, C = 1.0 mg/ml) for 2  103 s,  remained constant at 24.1  0.2 mN/m, indicating
that Au-cit nanoparticles adsorbed weakly or not at all.
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Au-TEG, R=2.3 nm
FH-water interface
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Figure 4.21 Measured  of FH/water interfaces during adsorption of Au-TEG
nanoparticles (R = 2.3 nm) at a concentration of 0.1 and 1.0 mg/ml. The dotted line
indicates the  of FH/water interfaces without nanoparticles.
With Au-TEG nanoparticles (R = 2.3  0.5 nm, C = 0.1 and 1.0 mg/ml), the
interfacial tension decreased from  = 24.1  0.1 mN/m to p = 20.2  0.1 mN/m (Figure
4.21). From the data, we found E = 17.4 kBT for Au-TEG nanoparticles at the
FH/water interface.
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Figure 4.22 (a) Interfacial tension of FH-water interface decreased from 24.1 to 23.2
 0.1 mN/m owing to the adsorption of the PS particles. (b) Optical microscopy
image of a FH-water interface with adsorbed PS particles. The black regions are
multi-layer PS particles. The bright white regions are empty FH-water interfaces.
The scale bar is 20 m.
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To explore the binding of micron-scale particles, we measured E of 2.1-m-diameter
polystyrene (PS) particles at the fluorohexane/water interface. The PS particles,
functionalized with amidine, were initially suspended in water. As the Figure 4.22 (a)
shows, over a period of 103 s, the interfacial tension decreased from 24.1 to 23.2  0.1
mN/m owing to the adsorption of the PS particles. From optical microscope images of the
droplet (Figure 4.22(b)), we verified that the interface was crowded with particles and,
therefore, we assumed  =0.91 (which might be a slight overestimate). From these data
we found E = (0.9  0.1) 106 kBT, which is consistent with the estimate of
Pieranski.[90]
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Figure 4.23 (a) A schematic illustration shows a droplet of FH sits on a glass
substrate. An objective lens captures images of an adsorbed PS particle at the
equatorial plane of a sessile oil droplet. (b) An optical microscope image shows the
adsorbed PS particle at the equatorial plane of a sessile oil droplet. The scale bar is
1.0 micron. The value of Z/R is measured and lies in the range from 0.8 to 1.0. (c) A
schematic diagram shows an adsorbed spherical particle with radius R at oil/water
interface. 0,1, and 2 are the interfacial tensions of oil/water, particle/water and
particle/oil interfaces. The parameter Z is the vertical distance between the
particle‟s center of mass and the plane of the interface.
As a further test of the interfacial-tension binding-energy model, we used a bright-field
microscope to image a PS sphere sitting at the equatorial plane of a sessile oil droplet
(Figure 4.23(a)). From analysis of the image (Figure 4.23(b)), we found that Z/R is
between 0.8 and 1.0, where Z is defined as the distance between the sphere’s center of
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mass and the interface (Figure 4.23(c)). According to the interfacial-tension bindingenergy model, the depth Z is related to the interfacial tension via the Young-Dupre
contact angle: Z/R = (2 1)/0. The binding energy can therefore be written as E =
R20(1Z/R)2. Using the measured Z, this expression predicts an upper limit of E ~
0.9 106 kBT, which is consistent with our measured value of E.

4.3.3 Ga-Water Interface

Water
Ga

Figure 4.24 (a) A sessile droplet of liquid Ga was placed on a horizontal glass
substrate immersed in water (pH=1.4).

We also studied the adsorption energy of nanoparticles at Ga-water interfaces.
Firstly, we measured the interfacial tension of the Ga-water interface without
nanoparticles. The interfacial tension was measured using the sessile droplet method
because pendant Ga droplets fell off the needle due to a large mass density (6.095 g/cm3).
In order to prevent the oxidation of the Ga surface, we added HCl into water to control
the pH value at 1.4. When the pH value was smaller than 1, we observed that air bubbles
formed at the interface and prevented accurate measurement of interfacial tension. Figure
4.24 shows a Ga droplet sitting on a horizontal glass substrate immersed in water. By
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measuring the radius of the equator and height of the droplet, we obtained = 560 ± 10
mN/m for Ga-water interface. In previous work, the surface tension of Ga (in vacuum)
was found to be 766 ± 17 mN/m using light scattering from capillary waves.[104]
(a)

Water
Ga

(b)

Water with Au-cit

Ga

(c)

Figure 4.25 (a) A sessile droplet of liquid Ga (~80 l) was placed on a horizontal
glass substrate immersed in water (pH=1.4). (b) After adding Au-cit nanoparticles
(R = 2.5 nm) into water, the shape of Ga droplet was deformed due to a large
reduction of interfacial tension. (c) A time-evolution plot of the droplet‟s outlines
which were extracted from a serious of images of the sample by using an IDL
program. The time interval between outlines was 300 s.
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After allowing the Ga droplet to reach an equilibrium shape in acidic solution, we
added nanoparticles into water and measured the reduction of interfacial tension. Figure
4.25 shows a Ga droplet before (a) and after (b) adsorption of Au-cit nanoparticles (R =
2.5 nm, C = 0.2 mg/ml). We observed a large deformation of the droplet, indicating a
large reduction of . Figure 4.25 (c) is a time-evolution plot of the droplet’s outlines
which were extracted from a serious of images of the sample by using an IDL program.
The time interval between outlines was 300 s.
Figure 4.26 (a) shows measured of a Ga droplet during adsorption of Au-cit
nanoparticles (C = 0.1 mg/ml). We showed data of 3 different sizes (R = 2.5, 5 and 10 nm)
and we found decreased to different plateau values p = 65, 54 and 38 mN/m,
respectively. From the data, assuming that the interface is packed with nanoparticles and
there are no interactions among nanoparticles, we obtained the binding energy E =
2.60 ± 0.05) × 103 ,1.06 ± 0.02) × 104 and 4.4 ± 0.1) × 104 kBT for Au-cit
nanoparticles (R = 2.5, 5 and 10 nm) at the Ga-water interface. The adsorption energy
scaled approximately, but not exactly, with R2 (Figure 4.26 (b)). This result was
consistent with the interfacial-tension binding-energy model that was described in the
introduction. Comparing with the oil-water interfaces, Au-cit nanoparticles have much
larger adsorption energy at Ga-water interface. The phenomenon can be explained by the
large Ga-water interfacial tension (= 560 ±10 mN/m).
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Figure 4.26 (a) Measured of a Ga droplet during adsorption of Au-cit
nanoparticles (R = 2.5, 5 and 10 nm, C = 0.1 mg/ml). We found decreased to
different plateau values p = 65, 54 and 38 mN/m, respectively. (b) From the data, we
obtained the binding energy E = 2.60±0.05)×103 ,1.06±0.02)×104 and
4.4±0.1)×104 kBT for Au-cit nanoparticles (R = 2.5, 5 and 10 nm) at the Ga-water
interface. The adsorption energy scaled approximately with R2.
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Although the adsorption energy is large, we found that the binding of Au-cit
nanoparticles at Ga-water interface is reversible. To test this, we diluted the aqueous
phase with Millipore-filtered water with added HCl (pH=1.4) after reached the plateau
value. The concentration of nanoparticles was reduced from 0.1 to ~0.01 mg/ml. Figure
4.27 shows a Ga droplet before (a) and after (b) the dilution. After dilution, the Ga
droplet slowly deformed: the radius of the equator decreased and the height of the droplet
increased. The measured interfacial tension slowly increased to 147, 105 and 76 mN/m
for Au-cit nanoparticles (R = 2.5, 5 and 10 nm), as shown in Figure 4.28. These
measurements indicated a desorption of Au-cit nanoparticles from Ga-water interfaces.
The phenomenon contradicted the large adsorption energy of Au-cit nanoparticles at Gawater interfaces. This remains a topic for future work.
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(a)

(b)

C=0.1 mg/ml

C~0.01 mg/ml

Figure 4.27 A Ga droplet was placed on top of a horizontal glass substrate immersed
in an aqueous suspension of Au-cit nanoparticles. (a) C = 0.1 mg/ml (b) C was
reduced from 0.1 to ~0.01 mg/ml by adding Millipore-filtered water with added HCl
(pH=1.4).
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Figure 4.28 After dilution, measured interfacial tension slowly increased to 147, 105
and 76 mN/m for Au-cit nanoparticles (R = 2.5, 5 and 10 nm).
We also measured the adsorption energy of Au-TEG nanoparticles at the Ga-water
interface. Figure 4.29 shows measured of a Ga droplet in aqueous suspension of 4.5nm-diameter Au-TEG nanoparticles (C = 0.5 mg/ml). The decreased to a plateau value
at 209 mN/m. Assuming  = 0.91 and no particle-particle interactions, we obtained E =
1.54±0.03)×103kBT for Au-TEG nanoparticles (R = 2.3 nm) at the Ga-water interface.
Figure 4.30 shows increased to ~221 mN/m after diluting C from 0.5 to ~ 0.05 mg/ml.
The measurement indicated a desorption of Au-TEG nanoparticles from Ga-water
interfaces.
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Figure 4.29 Measured interfacial tension of a Ga droplet during the adsorption of
Au-TEG nanoparticles (R = 2.3 nm, C = 0. 5 mg/ml).
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Figure 4.30 Measured interfacial tension of a Ga droplet increased to ~221 mN/m
after diluting C from 0.5 to ~ 0.05 mg/ml.
4.4 Summary
In summary, we studied the adsorption energy of nanoparticles and microparticles at
the oil-water and Ga-water interfaces by monitoring the decrease of interfacial tension as
the particles bind. For citrate-stabilized gold nanoparticles (Au-cit) assembling on a
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droplet of octafluoropentyl acrylate, we find E = 5.1 kBT for particle radius R = 2.5 nm,
and E  R2 for larger sizes. Gold nanoparticles with (1-mercaptoundec-11yl)tetra(ethylene glycol) ligand (Au-TEG) have a much larger binding energy (E = 60.4
kBT) and an energy barrier against adsorption. For polystyrene spheres with R = 1.05 μm,
we find E = 0.9  106 kBT. We also find that the binding energy depends on the
composition of the oil phase and can be tuned by the salt concentration of the
nanoparticle suspension. At Ga-water interfaces, we find that E of Au-cit and Au-TEG
nanoparticles are much larger (~103 kBT), which can be explained by a large Ga-water
interfacial tension. Surprisingly, however, the particles desorbed from the interface when
the concentration of nanoparticles in bulk solution is lowered. These results will be useful
for controlling the assembly of nanoparticles at liquid interfaces, and the method reported
here should be broadly useful for quantitative measurements of binding energy.
For future work, the adsorption energy of nanoparticles at Ga-water interfaces should
be studied further. The reason of unexpected desorption phenomena is still unknown. For
oil-water interfaces, it is not clear why different oils give different adsorption energy for
same nanoparticles. Future research could study the correlation between adsorption
energy and oil properties, e.g. dielectric constant. We could also explore the role of
nanoparticle‟s ligands in adsorption energy, by varying the charge, molecular weight and
amphiphilicity of ligands.
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CHAPTER 5
DESORPTION OF POLYSTYRENE MICROPARTICLES FROM OIL-WATER
INTERFACES.

In this chapter, we study desorption of polystyrene microparticles from oil-water
interfaces. The desorption could occur in response to a change in experimental
conditions, including addition of nanoparticles, cross-linking ligand molecules or in
response to chemical interactions between the particles and the oil. We found that
microparticles can desorb even though the adsorption energy is large. We also found that
the desorbed particle formed a surprising „tail‟-like structure. Our research is useful to
understand the particle desorption from liquid-liquid interfaces and provides a possible
method to achieve free-floating crosslinked particle membrane without using mutually
miscible solvents.
5.1 Introduction
In chapter 4, we showed that Au-cit nanoparticles (R = 2.5 nm) could desorb from
oil-water interfaces, because the adsorption energy E = 5.1 kBT is comparable to
thermal energy (see chapter 4). For Au-cit nanoparticles with R = 5 and 10 nm and AuTEG nanoparticles with R = 2.3 nm, desorption did not occur due to a large E. For
polystyrene particles (R = 1.05 m) at FH-water interfaces, we measured E = 0.9  106
kBT. Owing to the large adsorption energy, polystyrene particles adsorb tenaciously and
no desorption occurs.
However, desorption of microparticles could occur in response to a change in
experimental conditions. We observed desorption of polystyrene particles from FH-water
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interfaces after addition of Au-TEG nanoparticles, which displaced the adsorbed
polystyrene particles. Similar, at OFPA-water interfaces, polystyrene particles
spontaneously desorbed but in this case without addition of nanoparticles. This process
might be induced by chemical reactions between particles and OFPA. We also found
desorption of polystyrene particles from FH-water interfaces after crosslinking using
adipoyl chloride.
5.2 Experimental
5.2.1 Materials
In this project, we studied displacement of adsorbed microparticles at oil-water
interfaces. We used polystyrene particles functionalized with amidine (Invitrogen,
product number 3-2000, batch number 14001). The radius (R) of the particles is 1.05 m.
Gold nanoparticles with (1-mercaptoundec-11-yl)tetra(ethylene glycol) ligands (Au-TEG)
(Sigma-Aldrich, 687863) have R = 2.3  0.5 nm.
We chose two different oils which could adsorb nanoparticles and microparticles at
the oil-water interfaces. The first one is 1-fluorohexane (FH) (from Sigma-Aldrich,
product numbers 474401). FH has a mass density =0.8 g/cm3. The other oil is 2, 2, 3, 3,
4, 4, 5, 5-octafluoropentyl acrylate (OFPA) (from Sigma-Aldrich, product number
250074). OFPA has a mass density =1.49 g/cm3. OFPA and FH had purity at 97% and
98% and were used as received. These are the same oils used in the experiments
described in chapter 4.
In order to form a film of polystyrene particles at oil-water interfaces, we used
adipoyl chloride (Sigma product number 02190) to crosslink the amidine ligands at
particles‟ surfaces. The procedure is described in section 5.3.2.
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5.2.2 Sample Preparation
The typical procedure was as follows. Firstly, as the Figure 5.1 shows, a rising FH
droplet was held by a homemade u-shaped steel needle (outer diameter = 0.91 mm) in an
aqueous suspension of polystyrene particles (volume = 2.0 ml). Then, after 30-min, the
FH-water interface was coated with polystyrene particles (Figure 5.2). At this stage, 100
l aqueous suspension of Au-TEG nanoparticles (C = 2.0 mg/ml) was added into the
polystyrene suspension. After approximately 1 min, we observed a desorption of
polystyrene particles from the interface and a polystyrene „tail‟ at the top of droplet.

water
FH

Figure 5.1 Schematic illustration of a u-shaped needle holding a rising FH droplet
in an aqueous suspension of polystyrene particles.
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Water

Adsorbed PS at interface
FH

(a)

(b)

Figure 5.2 (a) A rising FH droplet in an aqueous suspension of polystyrene particles.
(b) An optical microscope image shows adsorbed polystyrene particles at the FHwater interfaces. The diameter of particles is 2.1 m. This image was taken in a
different experiment where the sample had a flat interface which was convenient to
observe under the optical microscope.

5.3 Result and Discussion
5.3.1 Formation of Polystyrene “Tail” at Interfaces
As the Figure 5.3 shows, the adsorbed polystyrene particles desorbed from a rising
FH droplet in water after adding Au-TEG nanoparticles. These desorbed polystyrene
particles formed a „tail‟ in the aqueous suspension. The polystyrene „tail‟ moved upward
and then disappeared at the water-air interface.. Figure 5.4 shows another sample with a
pendant droplet of FH. We also observed a desorption of adsorbed polystyrene particles
and an upward-moving polystyrene „tail‟.

114

Add
Au-TEG

PS “Tail”

(a)

(b)

Figure 5.3 (a) Adsorbed polystyrene particles desorbed from a FH-water interface
after adding Au-TEG nanoparticles. (b) An optical microscope image shows the
polystyrene „tail‟ in suspension.
(a)

(b)

Figure 5.4 (a) A pendant droplet of FH was held by a needle in an aqueous
suspension of polystyrene particles. (b) Polystyrene particles desorbed from FHwater interface after addition of Au-TEG nanoparticles into the suspension
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The desorption of adsorbed polystyrene particles cannot be explained by thermal
fluctuations since the adsorption energy is so large ((0.9  0.1) 106 kBT). Instead, we
propose that the added nanoparticles reduce the adsorption energy of adsorbed
polystyrene particles and then make them desorb from the interfaces. Figure 5.5 describes
the desorption mechanism. For adsorbed polystyrene particles at a FH-water interface, the
adsorption energy
E = πR20 [1 (2 1) /0]2 = πR20 [1 Z /R]2.
Here, 0 = 24.1 mN/m is the interfacial tension of FH-water interface without particles.
The distance from particle’s center to the interface is Z = R(2 1)/0. Knowing the
measured E = (0.9  0.1) 106 kBT, we calculate Z/R = 0.8±0.05 and 21 = 19.3±1.2
mN/m. After addition of Au-TEG nanoparticles, the oil-water interface adsorbs
nanoparticles in the area between adsorbed polystyrene particles. In order to estimate the
change of E, we replace 0 with an effective interfacial tension, *, which describes the
interfaces covered with nanoparticles. In chapter 4, we reported that * = 20.2 ± 0.1
mN/m (Figure 4.21). Assuming 2 and 1 do not change after adding the nanoparticles, the
value of Z/R increases to 0.96±0.06. This may indicate that the particles move away
from the interface spontaneously because the adsorption energy decreases to 0 when
Z/R=1. Alternatively the PS particles may be weakly bound at the interface as 1- Z/R <<
1. In this case, they might desorb from interface because of thermal fluctuations.
In conclusion, the desorption is induced by the adsorption of nanoparticles which
decreases E. The proposed mechanism also indicates that the desorption only occurs
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when * < 2 1 (i.e., when Z/R > 1). If * > 2 1 (i.e., if Z/R < 1), the polystyrene
particles will be still bound at the interface with a smaller adsorption energy.

Au-TEG

Water

1

Water

PS

Z

2

Z

0
Oil

Oil

Water

Water
Z

*
Oil

Oil

Figure 5.5 Schematic illustrations show the mechanism of displacement of the
microparticles by the added nanoparticles.
We noted that the polystyrene „tail‟ always moved upward in both experimental
setups: rising droplet (Figure 5.3) and pendant droplet (Figure 5.4). It was unusual since
the mass density of polystyrene is 1.05 g/ml. This phenomenon might be induced by an
upward convection flow around the oil droplet because the sample container was not
sealed. It might also be explained by an adsorption of FH into the polystyrene particles.
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The mass density of FH is 0.8 g/ml. The oil-adsorption could decrease the density of the
particles and make them move upward in water.
At the OFPA-water interface, we found that adsorbed polystyrene particles
spontaneous desorbed from the interface without adding nanoparticles in solvent or
making other changes to the sample. Figure 5.6 shows a pendant droplet of OFPA held by
a needle in an aqueous suspension of polystyrene microparticles. The OFPA-water
interface was uniformly coated with polystyrene particles. After 15 min, the adsorbed
polystyrene particles sedimented to the lower part of the droplet and desorbed from the
interface (Figure 5.7). The desorbed polystyrene particles formed a „tail‟ at the bottom of
the droplet. The „tail‟ had a diameter of approximately 30 m and a length larger than
several centimeters (Figure 5.8). The „tail‟ grew downward in solvent and remained
integrity even after fast moving the droplet vertically (Figure 5.8 (b)), and horizontally
(Figure 5.8 (c)). In the end, the „tail‟ disappeared in the suspension.
To further probe the desorption process, we added fresh polystyrene particles into
the suspension after the spontaneous adsorption. We observed that no polystyrene
particles adsorbed back to the interface. This phenomenon indicates that the OFPA/water
interface may have an adsorbed layer of unknown material.
The explanation of the spontaneous desorption remains a topic for future research.
Nonetheless, we hypothesize that the amidine ligands are not stable upon contact with
OFPA at the interface. The oil might react with amidine and change the surface tension of
particle-oil (2) and particle-water (1) interfaces, leading to the desorption of polystyrene
particles.
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(a)

(b)

Figure 5.6 (a) A pendant droplet of OFPA held by a needle in aqueous suspension of
polystyrene microparticles. (b) An optical microscopic image shows adsorbed
polystyrene particles at the OFPA-water interfaces. The diameter of the particles is
2.1 m.

Figure 5.7 Adsorbed polystyrene particles precipitated in the lower part of the
droplet and desorbed from the interface.
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PS „tail‟
(a)

(b)

(c)

Figure 5.8 The desorbed polystyrene particles formed a „tail‟ at the bottom of the
droplet. The „tail‟ grew downward in solvent (a) and remained integrity even after
fast moving the droplet vertically (b), and horizontally (c).
To further probe the polystyrene „tail‟, we added Nile Red, a fluorescent dye
which excites at 485 nm and emits at 525 nm, into the OFPA droplet and repeated the
desorption experiment same as described above. After desorbed polystyrene particles
sedimentated to the bottom of the sample chamber, we investigated the sediment by using
optical microscopy and confocal microscopy (excitation wavelength = 488 nm, filter
wavelength = 510 nm). Figure 5.9 (a) is an optical microscope image of the sample. No
„tail‟-like structure was observed in the sediment. Figure 5.9 (b) is a confocal microscope
image of the same area. We observed a small number of „Janus‟ polystyrene particles
which had two different phases: one is fluorescent and the other is not. We speculated
that these „Janus‟ particles were formed at the oil-water interface by adsorbing OFPA
(with Nile Red) into one side of the particles. The oil-side of the particles became
fluorescent and hydrophobic. However, the other side remained unchanged. Owing to the
two different phases, the desorbed particle might aggregate together and form a micellestructure (hydrophobic side faced inside). This might explain the formation of the „tail‟.
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Due to the adsorption of oil, the mass density of polystyrene particles increased because
the density of OFPA (1.49 g/ml) was larger than the one of polystyrene (1.05 g/ml). This
explained why the „tail‟ always moved downward in the solvent.

(a)

(b)

Figure 5.9 (a) Optical microscope image of sediment of polystyrene particles. The
size of the particles are 2.1 m. (b) confocal microscope image of the same area.

5.3.2 Formation of Free-Floating Films at Liquid-Liquid Interfaces
Our research on the displacement of adsorbed particles using nanoparticles
provided a possible method to achieve free-floating membrane of nanoparticles or
microparticles without using a mutually miscible solvent. We proposed an experimental
procedure as shown in Figure 5.10 Firstly, particles spontaneously adsorb at an oil-water
interface. Secondly, an appropriate cross-linker is added into the water phase to form a
film of adsorbed particles at the interface. The disadvantage is that there will also be
cross-linking in bulk solution but the aggregates can be removed by washing with water.
Lastly, after the cross-linking, surfactant or nanoparticles are added to displace the film
from the interface.
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(1)

(2)

(oil)
Add x-linker.

(water)

Add surfactant
(3)

(4)

Replacement

Figure 5.10 Experimental procedure to form free-floating film without using
mutually miscible solvent.

To test this method, we added adipoyl chloride (Sigma-Aldrich, product numbers
02190) into water to cross-link polystyrene particles at FH-water interfaces. As the Figure
5.11 shows, a pendant droplet of FH was held in an aqueous suspension of polystyrene
particles. After 30 min, we gently added 100 l adipoyl chloride into the suspension.
After that, we immediately observed particles desorbed from the interface and formed a
„tail‟ which move downward. The desorbed particles precipitated on the bottom of
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sample chamber. An optical microscope image of the particles (Figure 5.12) shows a
small piece of free-floating crosslinked membrane consisting of polystyrene particles. Our
preliminary experiment was not same as the proposed procedure because the particles
spontaneously desorbed without adding surfactant or nanoparticles. This phenomenon
might be explained by a change of particles‟ surface properties. The cross-linking might
make the particles more hydrophilic and unstable at the interface. Further study is need to
verify the proposed procedure in future work.

Figure 5.11 A pendant droplet of FH in an aqueous suspension of polystyrene
particles. After adding adipoyl chloride, we immediately observed the desorption of
particles from the interface. The image was taken using the tensiometer as described
in chapter 4.

123

Figure 5.12 An optical microscope image of the desorbed particles precipitated on
the bottom of sample chamber. Enlarged image shows a small piece of free-floating
film consisting of polystyrene particles.
5.3.3 „Explosion‟ of Polystyrene Particle at FH-Water Interfaces
We observed an unusual „explosion‟ phenomenon at FH-water interface. As the
Figure 5.13 shows, an adsorbed polystyrene particle (in the dotted circle) disappeared at
the interface in a very short time (less than 66 ms). In the meantime, the neighbor
particles quickly moved away from the „explosion‟ center. This phenomenon only
occurred sporadically. Most particles were stable at the FH-water interface.
The explanation of the „explosion‟ is still unknown. We speculate that these
„exploded‟ polystyrene particles might have defects and become unstable at FH-water
interface. The particles might desorb from the interface and trigger a sudden interfacedeformation, which could repel the neighbor particles. Due to the limit of video capture
rate (30 frame/s), the disappearance process is not clear. The particles might move back
to the water phase or move into the oil phase. Further investigation is need in the future
work.

124

0 ms

33 ms

66 ms

Figure 5.13 At a FH-water interface, an adsorbed polystyrene particle (in the dotted
circle) disappeared in a very short time (less than 66 ms). In the mean time, the
neighbor particles quickly moved away from the „explosion‟ center. The size of
particles is 2.1 m.

5.4 Conclusions
In summary, we studied desorption of polystyrene microparticles from oil-water
interfaces by changing experimental conditions, including addition of nanoparticles,
cross-linking ligand molecules or in response to chemical interactions between the
particles and the oil. We found that microparticles can desorb even though the adsorption
energy is large. We also found that the desorbed particle formed a surprising „tail‟-like
structure. Our research is useful to understand the particle desorption from liquid-liquid
interfaces and provides a possible method to achieve free-floating crosslinked particle
membrane without using mutually miscible solvents.
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CHAPTER 6
CONCLUSION

6.1 Summary
In summary, this thesis studied self-assembly of nanoparticles at liquid-liquid
interfaces. Our research demonstrated the potential of the interfacial-assembly in
fabricating nanoscopic electronic materials, and also provided a better understanding of
adsorption and desorption mechanism of particles at the interfaces. In chapter 2, we
demonstrated a simple approach to form nanostructured electronic devices by selfassembly of nanoparticles at liquid metal surfaces. In this approach, two liquid-metal
droplets, which were coated with a monolayer of ligand-stabilized nanoparticles, were
brought into contact. They did not coalesce but instead remained separated by the
nanoparticles assembled at the interface. Devices formed by this method showed electron
transport between droplets that was characteristic of the Coulomb blockade, where
current was suppressed below a tunable threshold voltage because of the energy of
charging individual nanoparticles. Chapter 3 presented an approach to fabricating
microscopic electronic devices using self-assembly technology. In this method,
micrometer-scale electronic components, Ga droplets with self-assembled nanoparticles,
were fabricated using ultrasonication and then deposited on patterned substrates to form
microscopic devices. I-V measurements showed coulomb blockade effect in the devices
containing more than one nanoparticle junction. The measured threshold voltages were
corresponding to number of junctions. The research has shown a great potential of
interfacial-assembly technology in fabricating microscopic electronic devices over a large
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area in a cost-effective and time-efficient fashion. In chapter 4, we studied experimentally
the energy of adsorption, E, of nanoparticles and microparticles at the oil-water and Gawater interfaces by monitoring the decrease of interfacial tension as the particles bind. For
citrate-stabilized gold nanoparticles (Au-cit) assembling on a droplet of octafluoropentyl
acrylate (OFPA), we found E = 5.1 kBT for particle radius R = 2.5 nm, and E  R2 for
larger sizes. Gold nanoparticles with (1-mercaptoundec-11-yl) tetra(ethylene glycol)
ligand (Au-TEG) had a much larger binding energy (E = 60.4 kBT) and an energy
barrier against adsorption. For polystyrene spheres with R = 1.05 μm, we found E =
0.9  106 kBT. We also found that the binding energy depended on the composition of the
oil phase and could be tuned by the salt concentration of the nanoparticle suspension. At
Ga-water interfaces, we found that E of Au-cit and Au-TEG nanoparticles were much
larger, which could be explained by a large Ga-water interfacial tension. These results
will be useful for controlling the assembly of nanoparticles at liquid interfaces, and the
method reported here should be broadly useful for quantitative measurements of binding
energy. In chapter 5, we studied desorption of polystyrene microparticles from oil-water
interfaces by changing experimental conditions, including addition of nanoparticles,
cross-linking ligand molecules or in response to chemical interactions between the
particles and the oil. We found that microparticles can desorb even though the adsorption
energy is large. We also found that the desorbed particle formed a surprising „tail‟-like
structure. Our research is useful to understand the particle desorption from liquid-liquid
interfaces and provides a possible method to achieve free-floating crosslinked particle
membrane without using mutually miscible solvents.
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6.2 Future Work
There are many unexplained phenomena which require further investigations in
future work. One example is the hysteresis in the I-V measurements of nanostructured
electronic devices. We speculate that hysteresis might arise from aggregation of the
nanoparticles prior to assembly. The aggregation might shift under the electric field in
first scan. This could change the I-V curve in the second measurement.
Another promising topic of future work is designing and fabricating patterned
substrates for integrating macroscopic systems with micron or nanometer size Ga
droplets. The substrates should have a large number of binding sites for Ga droplets. For
example, a substrate with bowl-shaped concave pits (micron size) can trap single Ga
droplet (with similar size) in each pit by using gravitational force. Pre-patterned
microelectrodes inside the pits can electrically connect the Ga droplet and form
nanoparticle junctions. We can also use electrohydrodynamic assembly to draw Ga
droplets in water to the microelectrodes.[73] Combining the formation of micron size Ga
droplets, macroscopic systems with a large number of single electron transistors might be
easily formed using self-assembly technology.
The gate voltage effect on the Ga-droplet-based devices remains a topic for future
work. Data from Chris Knutson‟s thesis provides evidence for the gate effect but does not
achieve practical transistor operation. In general, the gate electrode could be buried under
the source and drain electrodes (as done by Knutson et al), or deposited on top of Ga
droplets after deposition of an insulating layer. The advantage of the latter approach is
that the gate might be placed closer to the nanoparticle junction, so that a higher gate
capacitance could be achieved. By applying gate voltage on these electrodes, the
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threshold voltage can be tuned according to the Coulomb blockade model. This research
will be useful to fabricating single electron transistors with tunable threshold voltage.
For future work, the adsorption energy of nanoparticles at Ga-water interfaces should
be studied further. The reason of unexpected desorption phenomena is still unknown.
Possibly, the interfacial tension is very sensitive to small changes of pH that occur upon
dilution. For oil-water interfaces, it is not clear why different oils give different
adsorption energy for same nanoparticles. Future research could study the correlation
between adsorption energy and oil properties, e.g. dielectric constant. We could also
explore the role of nanoparticle‟s ligands in adsorption energy, by varying the charge,
molecular weight and amphiphilicity of ligands.
For the desorption of microparticles from oil-water interfaces, there are many
unexplained phenomena. For example, what is the reason for the spontaneous desorption
of polystyrene particles from OFPA-water interfaces? How does the „tail‟ form after the
particles desorb from interfaces? What are the forces holding particles together before the
„tail‟ disappears? Why does the „tail‟ move upward in FH-water interfaces and downward
in OFPA-water interfaces? What is the explanation of the little „explosions‟ of adsorbed
polystyrene particles at FH-water interfaces? Because of the possibility that polymer
spheres absorb some oil, in the future work, it might be useful to use non-polymeric
particles and instead turn to functionalized silica.
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